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THE PERIODIC TABLE OF THE ELEMENTS 
WITH ATOMIC WEIGHTS“ 


IA “Based on '*C = 12.000, for elements in materials of terrestrial origin. 
(1) 


°“Variation in natural isotopic abundance limits precision. 
“Variations are possible, owing to artificial isotopic separations. 
“For the most commonly available long-lived Isotope. 
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T.. goals for Basic Inorgamic Chemistry remain essentially unchanged in the 
third edition: to teach the basics of inorganic chemistry with a primary empha- 
Sis on facts, and then to use the student's growing factual knowledge as a basis 
for discussing the important principles of periodicity in structure, bonding, and 
reactivity. Too often, we believe, have students been taught the overarching prin- 
ciples first, while facts have been given only secondary or sporadic emphasis. 
Two simple examples serve to illustrate this complaint. Although students are 
made to absorb elaborate theories for trends in the boiling points among vari- 
ous liquids, too many students do not know the boiling point of a single sub- 
siance (other than water) to within +/— 2 °C. As a more sophisticated example 
consider the number of our students who can write a paragraph on the partici- 
patlon o£ đ orbitals in the chemistry of silicon but who cannot write equations 
for the hydrolysis of the halides of silicon, germanium, tin, and lead, much less 
cite (let alone explain) the periodic trends that are found among these reac- 
tions. Thịs book is meant for teachers who wish to avoid such errors in empha- 
S5. 

Asin the second edition, we have emphasized the primary facts ofinorganic 
chemistry, and we have organized the facts of chemical structure and reactivity 
(while presenting the pertinent theories) in a way that emphasizes the descrip- 
tive approach to the subject. The chemistry of the elements and their com- 
pounds is organized by cÌasses of substances and types of reactions. Periodicity in 
structure and reactivity is emphasized. 

Thịs text can be used in a one-semester course that does not require physỉ- 
cal chemistry (as taught traditionally in the Ủnited States) as a prerequisite. The 
principles generally encountered in the first year of college are reviewed in 
Chapter 1, and the book could be used in any inorganic course for which at least 
concurrent enrollment in sophomore organic chemistry was anticipated. 

Important new material has been added to the text. Phis material includes 
a better introduction to inorganic chemistry, improved treatment of atomic or- 
bitals and properties (such as electronegativity), new approaches to the depic- 
tion of ionic structures, nomenclature for transilon metal compounds, quanti- 
tative approaches to acid-base chemistry, expanded and unified treatment o£the 
periodicity in structure and reactivity among the main group celements, Wade`s 
rules for boranes and carboranes, the chemistry of Important new cÌasses of sub- 
stances (such as fullerenes and silenes), and a new chapter on the inorganic 
solid state. Material on symmetry elemeníis, operations, and point groups has 
been put into an appendix. The glossary of terms has been updated. 

Strategic additions or modifications have been made to most of the chapters, 
largely incorporating recent discoverles or additional examples that highlight 
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periodicity in structure and reactivity. New Study Questions have been added 
throughout, and the Supplementary Readings lists have been brought up to 
đate. A Solutons Manual will be available. 

A number of important appendices have been added. These include symme- 
try operations and point groups, the full form of the hydrogen-like atomic orbital 
wave functions, and values for the various atomic properties, including 1onization 
enthalpies, ionic radii, electron attachment enthalpies, and electronegativities. 

The authors are grateful for the number and quality o£ suggestions made by 
teachers who have used the previous edidons and by those who reviewed the 
manuscript for the third edition: 


Donald Gaines, University of Wisconsin-Madison; Lawrence Kool, Boston 
College; Derek Davenport and Richard Walton, Purdue University; Wilham 
Myers, University of Richmond; K. J. Balkus, University of Texas-Dallas; David 
C. Finster, Wittenberg University; Brice Bosnich, University of Chicago; J. H. 
Espenson, Iowa State University of Science and Technology; D. T. Haworth, 
Marquette University; John Nelson, University of Nevada-Reno; Philip Davis, 
University of Tennessee-Martin 


P.L.G. wishes to dedicate the Third Edition to hỉs parents, Robert L. and 
Ollie M. Gaus, and to thank his wife Madonna and his daughters Laura and Amy 
for their prayers and support. 


October 1994 F. Albert Cotton 
Collzpe Station, T¿xas 


Geoffrey Wilkinson 
London, England 


Paul L. Gaus 
Wooster, Ohio 


T.. principal goals in Basic Inorgamic Chemisiry, Second Edition are to set down 
the primary facts of inorganic chemistry in a clear and accurate manner, and to 
organize the facts of chemical structure and reactivity (while presenting the per- 
tinent theories) in a way that emphasizes the descriptive approach to the subject. 
The chemistry of the elements and their compounds is organized by classes of 
substances and types of reactions, and periodicity in structure and reactivity is 
emphasized. 

This text can be used in a one-semester course that does not require physi- 
cal chemistry (as taught traditionally in the United States) as a prerequisite. The 
principles generally encountered in the first year of college are reviewed in 
Chapter 1, and the book could be used in any inorganic course for which at least 
concurrent enrollment in sophomore organic chemistry was anticipated. A glos- 
sary has been added to help make this second edition more useful in interdisci- 
plinary settings. 

Although the organization of the second edition is essentially unchanged 
from the first edition, some chapters have been revised considerably, and others 
have been rewritten entirely. There are, for instance, new sections on geometry 
and bonding in molecules and complex lons, boron chemistry, mechanisms of 
reactions of coordination compounds, electronic spectroscopy, and catalysis. 
The chapter on bioinorganic chemistry has been thoroughly revised and up- 
dated. The topics of structure, reactivity, and periodicity have been uniformily 
emphasized throughout the đescriptive chapters. Bonding theories are devel- 
opeđin Chapter 3 (including an intuitive treatnent of delocalized molecular or- 
bital approaches), and these are applied in subsequent chapters wherever usefu], 
and especially in the end-oFchapter exercises. 

The end-ofchapter exercises have been revised and organized into three 
gTroups. /¿ questions are straightforward, and require only that the student 
recall the material in the chapter. Ađ¿ønaŸ Exerc;ses generalÌy require applica- 
tion o£ important principles or additional thought by the student. Qweszons from 
the Literature oƒ Inorgamic Chemastry refer the student to specific journal articles 
that are germane to the topic at hand. Thus the study guides, supplementary 
readings, and study questions range in scope from a straightforward review of 
the chapter to the sort of professional literature on which the science is based. A 
separate solutions manual, containing detailed answers for each of the study 
questions, is also available. 

The study guides at the end of certain chapters give some idea, to the stu- 
dent and the instructor, of the goals of, organization in, and prerequisites for a 
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given chapter. Chapter Í constitutes a review of the principles that are normally 
encountered ¡in the fñrst college year, and that are of use in the present text. 
Chapters 2 through 8 contain much of what is essential for cormplete compre- 
hension of later chapters. Chapters 9 through 22 may be covered selectively, at 
the instructor's discretion, depending on the constraints of tìne. Chapter 23 1s 
an important prerequisite for the material in Chapters 24 through 27, which are 
optional. Chapters 28 and 29 will be helpful to the discussion of the material in 
Chapter 30. 

We are grateful for the efforts of those who reviewed the first editon, prior 
to its revision: Dr. Robert Parry, University of Utah; Dr. Richard Treptow, 
Chicago State University; and Prof. Glen Rodgers, Allegheny College. 

W© also gratefully acknowledge the very fine efforts of those who criiqued 
the revised edidon: David Goodgame, Margaret Goodgame, Richard Treptow, 
Glen Rodgers, and Robert Parry. These reviewers made useful and substantial 
comments on the text, and have contributed significantly to its accuracy and clar- 
ity. Jeannette Stiefel was very helpful in editing the manuscript. 

We would be pleased to correspond with teachers and to receive comments 
regarding the text. Suggestions for new journal articles to be used in Qøs/øns 
Jrơm the Literature oƒ Inorgamic Chem¿sfry would be welcomed. Please address cor- 
respondence to P. L. Gaus. 

Finally, P.L.G. wishes especially to acknowledge the help, encouragement, 
and support of his family: Madonna, Laura, and Amy, and to dedicate the revised 
edition to his parents. 


October, 1986 E. Albert Cotton 
Collzge Station, lexas 
Geoffrey Wilkinson 
Londơn, England 


Paul L. Gaus 
Wooster Oho 


Those tuho asire not to guess and điu¿ne, but to discouer and knou, tho ?roÐose not to deUise 
tmimic and ƒabulơus uorlds oƒ the oun, buả to examine and dissect the ndature 0ƒ this 0ery tuorid 
1†self, tmust go to facls themselues for cuerything. 


F Bacon, 1620 


p St are already several textbooks of inorganic chemistry that treat the sub- 
Ject in considerably less space than our comprehensive text, Aduawced Tnơngaric 
Chemistry. Moreover, most of them include a great deal of introductory theory, 
which we omitted from our larger book because of space considerations. The net 
result is that these books contain very little of the real content of inorganic 
chemistry—namely, the actual facts about the properties and behavior of inor- 
ganic compounds. 

Our purpose in Bas¿c Inorgamic Cheimisfry, is to meet the needs of teachers 
who present this subject to students who do not have the tìme or perhaps the in- 
chnation to pursue it in depth, but who may also require explicit coverage of 
basic topics such as the electronic structure of atoms and elementary valence 
theory. We therefore introduce material of this type, in an elementary fashion, 
and present only the main facts. 

The point, however, is that this book does present the facts, in a systematic 
way. We have a decidedly Baconian philosophy about all chemistry, but particu- 
larÌy inorganic chemistry. We are convinced that Inorganic chemistry sđws facts 
(or nearÌy so), as presented im other books, is like a page of music with no in- 
strument to pÌay it on. One can appreciate the sound of music without knowing 
anything of musical theory, although of course one”s appreciation is enhanced 
by knowing some theory. However, a book of musical theory, even If it is illus- 
trated by audible snatches of themes and a few chord progressions, is quite un- 
like the hearing of a real composition in its entirety. 

W© believe that a student who has read a book on “inorganic chemistry” that 
consists almost entirely of theory and so-called principles, with but sporadic 
mention of the hard facts (only when they “nicely” illustrate the “princIples”) has 
not, in actual fact, had a course in Inorganic chemistry. We deplore the current 
trend toward this way of teaching students who are not expected to specialize in 
the subject, and believe that even the nonspecialist ought to get a straight dose 
of the subject as it really is—“warts and all.” This book was written to encourage 
the teaching of inorganic chemistry In a Baconian manner. 

At the end of each chapter, there is a study guide. Occasionally this includes 
a few remarks on the scope and purpose of the chapter to help the student place 
itin the context of the entire book. A supplementary reading list is Included in 
all chapters. This consists of relatively recent articles In the secondary (mono- 
graph and review) literature, which will be of interest to those who wish to pur- 
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sue the subject matter in more detail. In some instances there is little literature 
of this kind available. However, the student and the instructor—will ñnd more 
detailed treatments of all the elements and classes of compounds, as welÌÏ as fur- 
ther references, in our Ađuzweed Inorgaic Chem¿siry, fourth edition, Wiley, 1984, 
and in Cơm@rehensiue Inorgamic Chemstry, J. C. Bailar, Jr., H. J. Emeléus, R. S. 
NyhoÌm, and A. F. Trotman-Dickinson, Eds., Pergamon, 1973. 


E: Albzrt Cottơn 
Geoffrey Wilkinsơn 
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SOME PRELIMINARIES 


A Description of Inorganic Chemistry 


Inorganic chemistry embraces all of the elements. Consequently, it ranges from 
the border of traditonal organic chemistry (primarily the chemistry of carbon, 
specifically when bound to hydrogen, nitrogen, oxygen, sulfur, the halogens and 
a few other elements such as selenium and arsenic) to the borders of physical 
chemistry, which ¡s the study of the physical properties and quantitative behav- 
ior Of matter. Inorganic chemistry is not only concerned with molecular sub- 
stances similar to those encountered in organic chemistry but ¡s also concerned 
with the wider varieties of substances that include atomic gases, solids that are 
nonmolecular extended arrays, air sensitive (and hydrolytically sensitive) com- 
pounds, and compounds that are soluble in water and other polar solvents, as 
well as those that are soluble in nonpolar soÌvents. In short, inorganic chemistry 
encompasses a greater variety of substances than does organic chemistry. 

A further diference between organic and inorganic chemistry 1s that 
whereas the atoms in organic substances principally have a maximum coordina- 
tion number of 4 (e.g., CH¿ and NR¿), those in inorganic substances have coor- 
dination numbers frequently exceeding four (indeed, as hiph as 14), and exhibit 
a variety of oxidation states. Some simple examples include PEF;, which has the 
shape ofa trigonal bipyramid, W(CH;)¿, an organometallic compound that has 
six tungsten-to-carbon bonds, and [Nd(H;O)¿]?”, in which neodymium achieves 
a coordination number o£ 9. 

The inorganic chemist thus faces the problem of ascertaining the structures, 
properties, and reactividies of an extraordinary range of mater1als, with widely 
differing properties and with exceedingly complicated patterns OỂ structure and 
reactivity. We must hence be concerned with a great many methods of synthesis, 
manipulation, and characterization oŸinorganic compounds. 

In accounting for the existence and in describing the behavior of Inorganic 
materials, we shall need to use certain aspects o£ physical chemistry, notably ther- 
modynamIcs, electronic structures ofatoms, molecular bonding theories, and re- 
acdon kinetics. Some of these essential aspects of physical chemistry are re- 
viewed later in this chapter. The rest of Part I of the text deals with atomic and 
molecular structure, chemical bonding, and other principles necessary for an 
understanding of the structure and properties of inorganic substances of all 
class€s. 

This book emphasizes the three most important asp€cts Of inorganic chem- 
istry: the structur€s, prOpertles, and reactivities of the varlous inorganic sub- 
stances. Ín doïing so, OI€ of the central themes to be found throughout the book 
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is the periodic relationships that exist among the types of substances, their struc- 
tures, and their reactivities. 


Clqsses of Inorganic Subs†ances 


In the broadest sense, the materials that we shall discuss can be grouped into 
four classifications: elements, ionic compounds, molecular compounds, and 
polymers or network solids. The following brief list is presented to show the com- 
plicated variety of substances that are encountered in a discussion of inorganic 
chemistry. Greater detail is presented in the appropriate chapters to follow. 


1. The elzmenis. The elements have an impressive variety of structures and 
properties. Thus they can be 

(a) Either atomic (Ar, Kr) or molecular (H;, O;) gases. 

(b) Molecular solids (P„, S;, Cạo). 

(c) Extended molecules or network solids (diamond, graphite). 

(d) Solid (W, Co) or lquid (Hg, Ga) metals. 

2. lomic cơmbownds. These compounds are always solids at standard temper- 
ature and pressure. They include 

(a) Simple ionic compounds, such as NaGCl, which are soluble in water or 
other polar solvents. 

(b) lIonic oxides that are insoluble in water (e.g., ZrO;) and mixed ox- 
ides such as spinel (MgAl;O,), the various silicates [e.g., 
CaMg(S¡O;);], and so on. 

(c) Other binary halides, carbides, sulfides, and similar materials. A few 
examples are AgCIl, S¡C, GaAs, and BN, some of which should be bet- 
ter considered to be network solids. : 

(d) Compounds containing polyatomic (so-called complex) ions, such as 
[SiFs]”, [Co(NH,)¿]Ÿ”, [Fe(CN)a¿]”, [Fe(CN)¿]“, and [Ni(H;O)¿]?”. 

3. Molzcular combơwnds. These compounds may be solids, liquids, or gases, 
and include, for example, 

(a) Simple, binary compounds, such as PE;, SO,, OsOx, and UFEạ. 

(b) Complex metal-containing GGngBDTERUEE" such as PtCI;(PMe;); and 
RuH(CO,Me)(PPh;);. 

(c) _ Organometallic compounds that characteristically have metal-to-car- 
bon bonds. Some examples are Ni(CO)„, Zr(CH;C,H;)„, and 
U(C2Hạ);. 

4. Neluơtk solbds, or Đolymers. Examples of these substances (discussed in 

Chapter 32), include the numerous and varied inorganic polymers and 

superconductors. One example of the latter has the formula YBa„CuzO„. 


Closses of Inorgenic Struc†ures 


The structures of the majority of organic substances are derived from the tetra- 
hedron. Their predominance occurs because the maximum valence for carbon, 
as well as for most of the other elements (with the obvious exception of hydro- 
gen) that are commonly bound to carbon in simple organic substances, is four. 
A much more complicated structural situation arises for inorganic substances 
since, as we have already mentioned, atoms may form many more than four 
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bonds. It is therefore commonplace to find atoms in inorganic substances form- 
¡ng five, six, seven, and more bonds. The gceometries of inorganic substances are, 
therefore, very mụch more elaborate and diverse than those of organic sub- 
stances. 

Ít 1s particularly fascinating to note that the tetrahedron, on which the geom- 
€try of organic compounds is based, ¡s the simplest of the five regular polyhedra, 
otherwise known as the Platonic solids, which are shown below. 


Tetrahedron 
Faces: 4 equilateral triangles 
Vertices: 4 
Edges: 6 


Cube 
Faces: 6 squares 
Vertices: 8 
Edges: 12 


Octahedron 
: Faces: 8 equilateral triangles 
Vertices: 6 
Edges: 12 


Dodecahedron 
Faces: 12 regular pentagons 
Vertices: 20 
Edges: 30 


Vertices: 12 
Edges: 30 


; lcosahedron 
Faces: 20 equilateral †riangles 


Since the days of Plato, It has been recognized that these five polyhedra consti- 
tute the complete set of regular polyhedra, which satisfy the following criteria. 


1. The faces are all some regular polygon (equilateral triangle, square, or 
regular pentagon). 

2. The vertices are all equivalent. 

3. The edges are all equivalent. 
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Fach of Plato's regular polyhedra is now known to form the basis for the struc- 
tures of important classes of Inorganic substances. 

The structures ofinorganic substances are often also based on many less reg- 
ular polyhedra, such as the trigonal bipyramid, the trigonal prism, and so on, as 
well as on opened versions of regular and irregular polyhedra, in which one or 
more Vertices are missing. 

Clearly, structural inorganic chemistry presents a diverse array of possibili- 
ties. The student is encouraged to explore the remaining pages of the text for 
examples. 


Closses of Inorgonic Redoctions 


For the preponderance of organic reactions, it is appropriate to ascertain and 
discuss the mechanism by which the reaction proceeds. For many inorganIic re- 
actions, however, an understanding of the precise mechanism is either unneces- 
sary or impossible. This happens for two principal reasons. First, unlike the situ- 
ation for most organic substances, the bonds in inorganic compounds are often 
labile. Consequently, a variety of bond-making and bond-breaking events is likely 
during the course of an inorganic reaction. Under such circumstances, a reac- 
tiön becomes capable of giving numerous products. Moreover, inorganic reac- 
tions often are conducted unđer circumstances, for exarmmple, vigorous stirring of 
a heterogeneous mixture at high temperature and pressure, that make elucida- 
tion of mechanism impossible or, at least, Impractical. 

For these two reasons, inorganic reactions are often best described only in 
terms of the overall outcome of the reaction. This approach is known as “de- 
scriptive inorganic chemistry.” It should thus be readily appreciated that, al- 
though every reaction can be described in terms of the nature and identity of the 
products in relation to those of the reactants, not every reaction can be assigned 
a mechanism. 

For purposes of descriptive Inorganic chemistry, most reactions can be as 
sizned to one or more of the following classes, which will be defined more thor- 
oughly at the appropriate points in the text discussion: 


_ 


. Acid-base (neutralization). 

. Addition. 

. Elimination. 

. Oxidatlon-reduction (redox). 

. Insertion. 

. Substitution (displacement). 

.- Rearrangement (isomerization). 
- Metathesis (exchange). 


(€© œ I1 GŒ  ©t+ r ©G9 *Q 


. SOlvolysis. 
. Chelation. 
. Cyclization and condensation. 


Km“ = 
_— = 


12. Nuclear reactions. 


At the most detailed level in our understanding of an inorganic reaction, we 
seek to prepare a complete reaction profile, from reactants, through any inter- 
mediates or transition states, to products. This requires intimate knowledge of 
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the kinetics and/or thermodynamics of a reaction, as well as an appreciation of 
the iniuence of structure and bonding on reactivity. In the chapters that follow, 
We present this type of detail, and organize the facts so as to illustrate the peri- 
odic manner in which the structures, properties, and reactivities of inorganic 
substances vary. 


But, ñirst, in the rest of Chapter 1, we present a review of fundamental con- 
cepts of physical chemistry. 


Thermochemistry 
S†iandord Stoles 


To have universally recognized and understood values for energy changes in 
chemical processes, it is first necessary to define standard states for all sub- 
stances. 

The standard state for any substance is that phase in which ït exists at 25 ”C 
(298.15 K) and 1-atm (101.325 N m”) pressure. Substances in solution are at 
unit concentration. 


Hedt Confteni or Enthdlpy 


Virtually all physical and chemical changes either produce or consume en€rgy. 
Generally, this energy takes the form of heat. The gain or loss of heat may be at- 
tributed to a change in the “heat content” o£ the substances taking part in the 
process. Heø cơwem¿ is called enthalpy, symbolized #1. The change in heat con- 
tent is called the enthalpy change A7, which ¡is defined in Eq. 1-2.1. 


AH= (Hof products) - (H of reactants) (1-2.1) 


For the case in which all products and reactants are in their standard states, the 
enthalpy change is designated A?, the standard enthalpy change of the process. 
For example, although the formation o£ water from H; and O; cannot actually 
be carried out at an appreciable rate at standard conditions, it is nevertheless 
useful to know, through indirect means, that the standard enthalpy change for 
Reaction 1-2.2 is highly negative. 


H;(g, 1 atm, 25 °C) + ‡ O;(g, 1 atm, 25 °C) = H;O(ý, 1 atm, 2ð °C) 
AH° =-985.7 kJ mol" (1-9.9) 


The heat contents of all elements in their standard states are arbitrarily defined 
to be zero for thermochemical purposes. 


The Signs of AH Vdlues 


In Eq. 1-2.2, AH° has a negative value. The heat content of the products has a 
lower value than that of the reactants, and heat is released to its surroundings by 
the process. This constitutes an exothermic process (AH< 0). When heat 1s ab- 
sorbed from the surroundings by the process (AH> 0), ¡t is called endothermic. 
The same convention wili apply to changes in free energy AG, whiích will be dis- 


cussed shortly. 
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Standdrd Heodts (Enthdlpies) of Formdfion 


The standard enthalpy change for any reaction can be calculated if the standard 
heat of formation AH7 of each reactant and product is known. Ït is therefore use- 
ful to have tables of AH7 values, in units of kilojoules per mole (kJ mol”). The 
ANH? value for a substance is the ANH? value for the process in which 1 mol of that 
substance is produced in its standard state from elements, cach in its standard 
state. Equation 1-2.2 describes such a process, and the AJ° given for that reac- 
ton is actually the standard enthalpy of formation of liquid water, 
AH?T{H;O(®)]. 
Take, as an example, the reaction shown in Eq. 1-2.3. 


LiAIH,(s) + 4 HạO(9) = LOH() + AI(OH);(s) + 4 H;(g) 
AH°=-—599.6kJ  (1-9.3) 


The standard enthalpy change for Reaction l1-2.3 may be calculated from 
Eq. 1-2.4. 


ANH° = AH?[LIOHG@)] + AH?[AI(OH)s(s) ] 
—4AH?[H;O(@)] - AH?[LIAIH,@G)] (1-2.4) 


Other Specidl Entholpy Changes 


Aside from formation of compounds from the elements, there are several other 
physical and chemical processes of special importance for which the AH or AH” 
vaÌlues are frequently required. Among these are the process of melting (for 
which we specify the enthalpy of fusion AH,,), the process of vaporization (for 
which we specify the enthalpy of vaporization AH,„), and the process of subli- 
mation (for which we speclfy the enthalpy of sublimation AH?s). 

We also specially designate the enthalpy changes for ionizatdon proce€sses 
that produce cations or anions by Ìoss or gaïin of electrons, respectively. 


lonizdfion Enthdlpies 


The process of ionization by loss of electron(s), as In Reaction 1-2.5, is of partic- 
ular Interest. 


Na(g) = Na'(g) + e (g) AH.„ = 502 k] mol" (1-2.5) 


For many atoms, the enthalpies of removal of a second, third, and so on, elec- 
tron are also of chemical interest. These enthalpies are known for most ele- 


ments. For example, the first three lonization enthalpies of aluminum are given 
1n Reactions 1-2.6-1-2.8. 


Al(g) =Alf(g)+e_ -- AH°=577.5 kỊ mol" (1-2.6) 
AI'(g)=Alf'(g)+e" - AH°=1817 kJị moi" (1-2.7) 
AI°*(g) =Al°(g)+e-_  AH°=2745 kJ mol" (1-2.8) 
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The overall ionization enthalpy for formation of the AIỶ*(g) ion is then the sum 
of the single ionization enthalpies, as shown in Reaction 1-2.9. 


Al(g) =Al”(g) +3 e~ ANH? = 5140 kJ mol” (1-2.9) 

lonization enthalpies may also be defined for molecules, as in Eq. 1-2.10: 
NO(g) =NO”(g) te" AH° =890.7 k] moT'` (1-2.10) 
Note that for molecules and atoms the ionization enthalpies are always pos- 
itive; energy must be expended to detach electrons. Also, the increasing magni- 
tudes of successive Ion1zation steps, as shown previously for aluminum, are com- 


pletely general; the more positive the system becomes, the more difficult it is to 
iOn1ze 1t further. 


Electron Afachmen Enthdlpies 


Consider Reactions 1-2.11 to 1-2.13. 


Clg)+e =Cl(g) — AH°=-349 kỊ mol" (1-2.11) 
O(g)+e =Or() AH° =—149 kJ mol" (1-2.12) 
O(g)+e=O*(@)  AH°=844k] mol" (1-2.13) 


The CI(g) ion forms exothermically. The same is true o£ the other halide ions. 
Observe that the formation of the oxide ion O~(g) requires first an exothermic 
and then an endothermic step. This is understandable because the O" ion, 
which is already negative, will tend to resist the addition o£ another electron. 

In most of the chemical literature, the negative of the enthalpy change for 
processes such as Eqs. 1-2.11 to 1-2.13 ¡s called the electron affinity (A) for the 
atom. In this book, however, we shall use only the systematic notation 1llustrated 
previously: we shall speak of the enthalpy changes (AHA) that accompany the at- 
tachment of electrons to form specific ions. 

Direct measurement of AH1;„ values is difficult, and indirect methods tend 
to be inaccurate. To give an idea of their magnitudes, sorne of the known values 
(with those that are estimates in parentheses) are listed In kilojoules per mole: 


"A __.. 1 "“'ï'nanaaaăaăasaiaiaiaaas 


H 


=. 
-g8:'Be (+60).2B (30G -12 N (Œ10) O -142 EF -328 
(—50) SỈ (1385) P (C75) S -200 C1 -349 
Se (160) Br -324 
I  -995 


Bond Energies 


Consider homolytic cleavage of the HE molecule as in Reacuon 1-2.14. 


HF(g) =H(g) +F(g) — AH,ss=566 kJ mol" (12.14) 
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The enthalpy requirement of this process has a simple, unambiguous signifi- 
cance. Ït is the energy required to break the H—F bond. It can be called the 
“H—F bond energy,” and we can, if we prefer, think o£ 566 kJ mol” as the en- 
ergy released when the H—F bond is formed: a perfectly equivalent and equally 
unambiguous statemenI. 

Consider, however, the stepwise cleavage of the two O——H bonds In water, as 
in Eqs. 1-2.15 and 1-2.16. 


H,O(g) =H(g)+OH(g)  AH,zsz=497 kJ mol? (1-2.15) 
OH() = H(g) + O(g) AH,s; = 421 kỊ mol" (1-2.16) 


These two processes of breaking the O—H bonds one after the other have dif- 
ferent energies. Furthermore, the overall homolytic cleavage of the two O——H 
bonds, as in Eq. 1-2.17, 


H;O(g) =9 H(g) +O(g)_ ` AH;ss=918 kJ mol? (1-2.17) 


has an associated enthalpy change that is the sum of those for the individual 
steps (Eq. 1-2.15 + Eq. 1-2.16). How then can we define the O——H bond energy? 
It is customary to take the mean of the two values for Reactions 1-2.15 and 1-2.16, 
which is one half of their sum: 918/2 = 459 kJ mol *. We then speak of a mean 
O—H bond energy, a quantity that we must remember is somewhat artificial; we 
cannot know the actual enthalpies of either step Ifƒ we know only their mean. 
When we consider molecules containing more than one kind of bond, the 
problem of defining bond energies becomes even more subtly troublesome. For 
example, we can consider that the total enthalpy change for Reaction 1-2.18 


HạN—NH,(g)=2N(g)+4H(g  AH,s=1724kJmol! (12.18) 


consists of the sum o£ the NÑ—N bond energy È¡_ w, and four times the mean 
N—H bond energy \_ ¡. But is there any unique and rigorous way to divide the 
total enthalpy needed for Reaction 1-2.18 (1724 kJ mol”) into these component 
parts? The answer is no. Ínstead we take the following practical approach. 

W© know, from experiment, the enthalpy change for Reaction 1-2.19. 


NH;(g) =NG) + 3 H@) AHs; ='1172 k] mol" (1-2.19) 
Thus we can determine that the mean N—H bond energy (Eq_ ¡) is 


117 
Ey—n = =« = 391 k] mol” (1-9.20) 


If we make the assưmnbfiơn that this value can be transferred to HạNNH;, then we 
can evaluate the N—N bond energy according to Eq. 1-2.21. 
ĐwẰGN% 4 Bàn = 9MKI@mei® 
EN_N=1724—-4EN_—n 
= 1724 - 4(391) 
= 160 kJ moF'? (1-2.21) 
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By proceeding in this way it is possible to build up a table of bond energies. 
These values can then be used to calculate the enthalpies of /zw¿»g molecules 
from theïr constituent gaseous atoms. The success of this approach indicates that 
the energy of the bond between a given pair of atoms is somewhat independent 
of the molecular environment in which that bond occurs. This assumption is 
only approximately true, but true enouph that the approach can be used in un- 
đerstanding and interpreting many chemical processes. 

Thus far only single bonds have been considered. What about double and 
triple bonds? The bond energy increases as the bond order increases, in all cases. 
The increase is not linear, however, as shown in Fig. 1-]. A list of some generally 
uuseful bond energies is given in Table 1-1. 


Free Energy and Entropy 


The đirection in which a chemical reacton will go and the point at which equi- 
librium will be reached depend on two factors: (1) The tendency to give off en- 
ergy; exothermic processes are favored. (2) The tendency to attain a state that is 
statistically more probable, crudely describable as a “more đisordered” state. 


1000 _ 
800_——---- 
H„ 
S 
E 
cà 
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h— 
P¿ 
c= 
S 
=2 
4001 ===—= : 
S00 sze.dk.cc ————t+>zmrmrmr-—~“t~—] 
TT ”—m——-.. —.ÝŸ.—..- Ặ—.—— 
Single Double Triple 


Figure 1-1 The variauon of the bond energy with bond 
order for CC, NN, CN, and CO bonds. 
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Table ï-Ï  Some Average Thermochemical Bond Energies at 25 °C (in kJ mol”) 


Wifi? luauygsudbisgieuse”2466il0i0idNec s23 s. "“. - — ——-—n= 
A. Single bond energies 
H C - ÂN: AM... P As O 5 C24 E C1 Br  I 


Hf£ 4965994060 929 409 S61 392 947 467 347 276 566 431 366 299 


C 386 301 255 985 264 201 336 272 243 485 327 285 2135 
Si “mò — (0U — — 3868 226 — 582 391 310 234 
Gc 188 @ø6  — — — — — — 342 276 213 
N 160 ~200  — 90L: — ZẤẴïi M6 JgjộỐ — — 
F 299 — -340 — — 490 319 264 184 
As 180 331 — — 464 317 243 180 
O 146 — — 190 205 — 201 
5 996 — 3⁄9 255 215 — 
Se T72n-nH sun Z.. — 
F lã6@, 2B5, 255 — 
Cl 242 217 209 
Br 193 180 
| 151 
B. Multiple bond energies 
C=C 598 C=N 616 =—=O 695 N=N 418 
C=C 813 C=N 866 =O1073 =N 946 


We already have a measure of the energy change of a system: the magnitude 
and sign of AH. 

The statistical probability of a given state of a system is measured by its ¿n- 
frow, denoted S. The greater the value of %, the more probable (and, generally, 
more disordered) is the state. Thus we can rephrase the two statements made in 
the first paragraph as follows: The likelihood of a process occurring Increases as 
(1) AH becomes more negative, or (2) ASbecomes more positive. 

Only in rare cases (an example being racemization) 


2 đ.[Co(en)s]Ÿ† = đ-[Co(en);]Ÿ! + £-[Co(en);]Ÿ* (1-3.1) 


(en = cthylenediamine). 


does a reaction have AH= 0. In such a case, the direction and extent of reaction 
depend solely on ÁS. In the case where AS= 0, AH would alone determine the 
extent and direction of reaction. However, both cases are exceptional and it is, 
therefore, necessary to know how these two quantities combine to influence the 
direction and extent of a reaction. Thermodynamics provides the necessary re- 
latonship, which is 


AG=Aie0f 1s (1-3.9) 


in which 7'represents the absolute temperature in kelvins (K). 

The letter G stands for the ƒ energy, which is measured in kilojoules per 
mole (kJ mol”). The units of entropy are joules per kelvin per mol (J K”' moT), 
but for use with AGand AHin kilojoules per mole (k] mol”), AS must expressed 
as kilojoules per kelvin per mol (kJ K”! mol”). 
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Chemicol Equilibrium 


For any chemical reaction, 
øA + bB + cÔ+*** = kK+ L + mM + --- (11) 


the posidon of equilibrium, for given temperature and pressure, is expressed by 
the equilibrium constant K This is defined as follows: 


k } m 
.- IRILIIMT-- 


= |2 
[ATIBPICF... kh 


where [A], [B], and so on, represent the thermodynamic zcu¿izs of A, B, and 
so on. For reactants in solution, the activities are approximated by the concen- 
tratlons In moles per liter so long as the solutions are not too concentrated. For 
gases, the activities are approximated by the pressures. For a pure liquid or solid 
phase X, the activity is defined as unity. Therefore, [X]7 can be omitted from the 
expression for the equilibrium constant. 


AG° As g Predictive Tool 


For any reaction, the position of the equilibrium at 25 °C is determined by the 
value of AŒ°. The parameter AŒ" is defined in a manner similar to that for AH”, 
namely, Eq. 1-5.1, 


AG"= 3 AG?(products) — > AG?(reactants) (1-5.1) 


which similarly applies only at 25 °C (298.15 K). In terms of enthalpy and en- 
tropy we also have Eq. 1-5.2, at 25 °C: 


AG>»eeeH° — 996/15 ASˆ (1-5.2) 


where AS°, the standard entropy change for the reaction, ¡is defined as the di 
ference between the sum of the absolute entropies of the products and the sum 
of the ãbsolute entropies of the reactants. 


AS° =M §°(products) - Ð} 5°(reactants) (1-5.3) 


The standard against which we tabulate entropy for any substance 1s the perfect 
crystalline solid at 0 K, for which the absolute entropy 1s taken to be zero. 
The following relationship exists between AG and the cquilibrium con- 


stant, K: 
AG=-RTìn K (1-5.4) 
where is the gas constant and has the value 


R=8.314] K”' moF” (1-5.5) 
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in units appropriate to this equation. At 25 °C we have 


AG° = —B5.69 log ¿og 15 


(1-5.6) 


For a reaction with AG° =0, the equilibrium constant is unity. The more neg- 
ative the value of AG° the more the reaction proceeds in the directon written, 
that is, to produce the substances on the right and consume those on the left. 

When AG° is considered as the net result of enthalpy (AH”) and entropy 
(AS°) contributions, a number of possibilities must be considered. Reactions 
that proceed as written, that is, from left to right, have AG° < 0. There are three 


main ways this can happen. 


1. Both AH° and AS° favor the reaction. That is, AH° < 0 and AS° > 0. 

2. The parameter Aj° favors the reaction while AS° does not, but AHP? (<0) 
has a greater absolute value than 7'AS°, thus giving a net negative AŒ”. 

3. The parameter AH° (>0) disfavors the reaction, but AS” is positive and 
sufficiently large so that 7AS° has a larger absolute magnitude than AH”. 


There are actual chemical reactions that belong to each of these categories. 
Case 1 is fairly common. The formation of carbon monoxide (CO) from the 


elements is an example: 


» Os(g) + C(s) = CO(g) 
AG° =—137.2 kJ mol" 
AH° =~110.5 kJ mol" 
TAS° = 26.7 kJ mol" 


as are a host of combustion reactions, for example, 
5(s) + O;(g) = SO;(g) 
AG° =~300.4 k] mol" 


AH° =~999.9 kJ mol" 
TAS° =7.5 kỊ mot" 


C„H¡o(g) + 3 O,(g) = 4 CO,(g) + 5 H;O(g) 


AŒ =-2705 k] mol 
AH° =~9659 kJ mol" 
TAS° = 46 kJ mol" 


(1-5.7) 


(1.5.8) 


(1-5.9) 


The reaction used ín industrial synthesis of ammonia is an example of case 2. 


N;œ) + 3 H;(g) = 2 NH;(g) 


AG° =~16.7 k] mol 
AH° =~46.9 k] mol 
TAS° =~99.5 kJ mol" 


(1-5.10) 


1-ố 
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The negative entropy term can be attributed to the greater “orderliness” of a 
product system that contains only 2 mol ofindependent particles compared with 
the reactant system in which there are 4 mol of independent molecules. 

Case 3 is the rarest. Examples are provided by substances that dissolve en- 
dothermically to give a saturated solution greater than ] Min concentration. 
Thịs happens with sodium chloride (NaCl). 


NaCl1(s) = Na”(aq) + CT (aq) 


l1 =9. 
AH° =+1.9 
TAS° =+4.6 (1-5.11) 


Note that the AC” value does not (ssznhy predict the acfual resulf OŸ a re- 
acton, but only the result that corresponds to the attainment of equilibrium at 
25 °C. Thịs value tells what 1s øøss2⁄z, bụt not what wIll actually occwz 'hus, none 
of the first four reactions cited, which all have AG° < 0, actually occurs to a de- 
tectable extent at 25 °C simply on mixing the reactants. Activation energy 
and/or a catalyst (see page 23) must be supplied. Moreover, there are many com- 
pounds that are perfectly stable in a practical sense with positive values of AG7. 
These compounds do not spontaneously decompose into the elements, al- 
though that would be the equilibrium situation. Common examples are ben- 
zene, CS›, and hydrazine (H;NNH,). 

The actual occurrence of a reaction requires not only that AŒ” be negative 
but that the 7z of the reaction be appreciable. 


Temperdture Dependence oí the Equilibrium Constan† 


The equilibrium constant for a reaction depends on temperature. That depen- 
dence is determined by A#°, and the dependence can be used to determine 
AH° in the following way. If the value of the equilibrium constant is known to be 
Ki at T¡ and K; at T;, then we have Eqs. 1-6.1 and 1-6.2. 


AN° AS 
In K,=~ Sẽ (1-6.1) 
Jlịị. ví 
7: (Ác. 
In K, =— gổ (1-6.2) 
HN ÍC 
By subtracting Eqs. 1-6.1 and 1-6.2 we have Eq. 1-6.3: 
K pm. } 
In K =lifGẴlS === `“ —-— (1-6.3) 
t2 R 1; 1, 


which allows us to calculate AH° if we can measure the equilibrium constant at 
two different temperatures. Ín praCtiC€, On€ S€CUr€S 8T€A(€T ACCUTACy by mea- 
suring the equilibrium constanf at several đifferent temperatures and plotting Ìn 


ló 
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Kversus 1/7. Such a plot should be a straight line with a slope of~(AH°/R), as 
suming that AH? is constant over the temperature range employed. 


Electrochemicol Cell Potentidls 


Although it is true that the direction and extent of a reaction are indicated by 
the sign and magnitude of AŒ”, this is not generally an easy quantity to me€asur€. 
There is one class of reactions, redox reactions in solution, that frequently allows 
straightforward measurement of AG°. The quantity actually measured is the po- 
tential difference AE (in volts, V), between two electrodes. Under the proper 
conditions, this can be related to AG° beginning with the following equation: 


{no (1.1) 


n% 


The parameter AE° is the so-called standard potential, which will be discussed 
more fully. The number of electrons in the redox reaction as written is ø, and # 
is the faraday, 96,486.7 C€ mol". 

The expression Q has the same algebraic form as the equilibrium constant 
for the reaction, into which the actual activities that exist when AE is measured 
are inserted. Clearly, when each concentration equals unity, the log Q= log l = 
0 and the measured AE equals AE°, which is the standard potential for the cell. 

To illustrate, the reaction between zinc and hydrogen ions may be used. 


Zn(s) + 2 H'(aq) = Zn”*(aq) + H;(g) (1-7.9) 


For this, z= 2 and Qhas the form 


Âu, ¿ Á 3. 
Tp. — (A,„=]) (1-7.3) 
The symbol Áx represents the thermodynamic activity of X. For dilute gases, the 
activity is equal to the pressure, and for dilute solutions, the activity 1s equal to 
the concentration. At hipher pressures or concentrations, correction factors 
(called activity coefficients) are necessary. In these cases the activity is not equal 
to pressure or concentration. We shall assume here that the activity coefficients 
can be ignored, so that the actual pressures and concentrations may be used. 

Now, suppose the reaction of interest is allowed to run unuil equilibrium is 
reached. The numerical value of Ở¡s then equal to the equilibrium constant, K 
Moreover, at equilibrium there is no longer any tendency for electrons to flow 
from one electrode to the other: AE= 0. Thus, we have 


JA0 LẺ 
(a0 —— II (1-7.4) 
n% 
or 
Ji 
AE°=——In K (1-7.5) 


n% 
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However, we already know that 
AŒ =-RTln K (1-7.6) 


Therefore, we have a way of relating cell potentials to AŒ? values, that is, 


JIẾNN cu. ] 
——AF°=——AG° l7) 
FT TUIN 
or 
AGŒ =~—nw#% AE° (1-7.8) 


Just as AG” values for a series of reactions may be added algebraically to give 
AG'? for a reaction that is the sum of those added so, too, may AE° values be com- 
bined. But, remember that it is ø AE”, not simply AE°, which must be used for 
cach reaction. The factor # will, of course, cancel out in such a cormputation. For 
example, take the sum of Eqs. 1-7.9 and 1-7.10: 


(ø„= 2) 
Zn(s) + 2 H'(aq) = Zn“*(aq) +H;() j=+0.763 - (1-7.9) 
(=2) 
2 Cr(aq)?? + H;ạ(g) = 2 Cr”*(aq) + 2 H*(aq) AE>=-0.408 (1-7.10) 
(œ= 2) 
Zn(s) + 2 CrŸ*(aq) = Zn?*(aq) + 2 C¡”' (aq) 3=+0.355 (1-7.11) 


The correct relationship for the potential of the net reaction 1-7.11 is 
2AEs=2AE1+2AE; (1-7.12) 


In this example, we have added balanced equations to give a balanced equation. 
This automatically ensures that the coefficient ø is the same for each AE” value. 
However, in dealing with electrode potentials (see the next section) Instead of 
potentials of balanced reactions the cancellation is not automatic, as we shall 
learn presentÌy. 


Signs öf AE° Values 


Physically, there is no absolute way to assoclate algebraic signs with measured 
AE° values. Yet, a convention must be adhered to since, as illustrated previousÌy, 
the signs of some are opposite to those of others. ® 
Negative values of AG° correspond to reactions for which the equilibrium state 
favors products, that is, reactions that proceed in the đirecton written. Therefore, 
reactions that “go” also have positive AE° values. The reduction of Cr”* by ele- 
mental zinc (E° = +0.355 V) therefore goes as written in the previous example. 


Holf-Cells and Holf-Cell (or Electrode) Polenliols 


Any complete, balanced chemical reaction can be artificially separated into two 
“hal£reactions.” Correspondingly, any complete electrochemical cell can be sep- 
arated into two hypothetical half-cells. The potential o£ the actual cell, AE”, can 
then be regarded as the algebraic sumn of the two hal£cell potentials. In the three 
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previously cited reactions, there are a total of three distinct half-cells. Let us con- 
sider first the reaction of zinc and Hˆ(aq). 
Zn(s) =Zn”*(aq) + 2e” E)=+0.763 V 
2 H'(aq) +2e =H;() s= 0.000 V 
Zn(s) + 2 H*(aq) = Zn”*(aq) + H;(g) E°=+0.763VW_ (1-7.13) 
The hal£cells £$ and E$ must be chosen to give the sum +0.763 V. The only 
solution to this or any similar problem is to assign an arbitrary cœxueniionalvalue 
to one such hal£cell potential. All others will then be determined. The conven- 
tỉonal choice is to assign the hydrogen halfcell a standard potential ofzero. The 


zinc hal£cell reacton as written will then have E° = +0.763 V. In an exactly anal- 
OgOuS Way We€ g€t 


Cr`*(aq) +e =Cr”*(aq)  E°=-0.408V (1-7.14) 


These two hal£cell potentials may then be used directly to calculate the standard 
potential for reduction of Cr”* by Zn(s). 
Zn(s) =Zn”*(aq) +2 e- E° =+0.763 V 
2e +9 Cr”'(aq) = 2 Cr”*(aq) E° =-0.408 V 
Zn(s) + 2 Cr*(aq) = Zn?*(aq) + 2 Cr?"(aq) E°=+0.355V (1-7.15) 


Since each reaction involves the same number of electrons, the factor ø in the 
expression AŒ? = —w#E° is the same in this case and will cancel out. 

When two hal£cell reactions are added to give a third halfcell reaction, the 
ø values will not be able to cancel out and must be explicity employed in the 
computation. For example, 


CT + 3 HO =ClIOsg+6H"+6c- b =-l45 6E})=-8.70 V 


e +‡Clạ=Cr E° =+1.36 1 E;¿=+1.36V 
‡ Cl; + 3 H;O = CO; + 6 H” + 5ð e- E°=~l.47 5Eạ=-7.34V 


where it should be emphasized that the correct relationship between the haÌl£ 
cell potentials is given in Eq. 1-7.16: 


5Es=6E‡+1E$ 
EszEi+Eš (1-7.16) 


Thus, the correct value of E$ (—1.47 V) is nowhere near the simple sum of E1 + 
È; (-0.09 V). 


Tables of Holf-Cell or Electrode Potenftidls 


The International Union of Pure and Applied Chemistry has agreed that half- 
cell and electrode potentials shall be written as reductions and the terms “hal£ 
cell potential” or “electrode potential” shall mean values carrying the sign ap- 
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propriate to the reduction reaction. For example, the zinc electrode reaction is 
tabulated as 


Zn®*(aq)+2e =Zn(@s)  E°=-0.763V (1-7 Trì 


Zinc 1s said to have an electrode potential of 2s 0.763 V. 

Thịs convention is most easily remembered by noting that a hal£cell reac- 
tion with a øøgø#ue potential is electron rích. When two hal£cells are combined to 
produce a complete electrolytic cell, the electrode having the more negative 
standard hal£cell potential will be, physically, the negative electrode (electron 
sourc€) 1ƒ the cell is to be operated as a battery. 


A list of some important standard hal£cell or electrode potentials is given in 
Table 1-2. 


Kinetics 


It is primarily through the study of the kinetics oÊ a reaction that one gains in- 
sight into the mechanism of the reaction. In kinetics experiments, the rate of a 
reaction 1s studied as a function of the concentrations of each of the reactants 
and products. Activities or pressures may be employed in place of concentration. 
The rate of a reaction 1s also studied as a function of reaction conditions: tem- 
perature, solvent polarity, catalysis, and the like. A kinetic study begins with the 
determination of the rate law for the reaction. l( is assumed that the cOTr€ct stOI- 
chiometry has already been determined. 


The Rdfle Law 


This is an algebraic equation, determined experimentally for cach reaction, 
which tells how the rate of reaction (units = concentration x time”) depends on 
the concentrations of reactanis and products, other things, such as temperature, 
being fixed. For example, it has been shown that Reaction 1-8.I: 


4 HBr(g) + O„(g) = 9 H;ạO(g) + 2 Br;(g) (18.1) 


has the rate law Eq. 1-8.2: 


Tin [O,] (18.2) 


The rate of Reaction 1-8.1 (expressed as the decrease in the concentration of Ò; 
as a function of tỉme) is proportional to the frst power of the HBr concentration 
and to the ñrst power of the oxygen concentration. Note that the rate law is not 
derived from the stoichiometry of the reaction; four equivalents of HBr are con- 
sumed in the stoichiometric equation, but the HBr concentration is only fea- 
tured to the ñrst power in the rate law. Althoupgh a total of ñve molecules must 
react to complete the process of Reaction 1-8.1, the rate law implies that the sÌow- 
est or rate-determining step in the process is oae that engages only one Ô; mol- 
ecule and one HBr molecule. 
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Toble 1-2  Some Hal£Cell Reduction Potentials 


Reaction Equation Ð Đề CÓ) 
M.. ........... «kẽ... —` 

L+e  =  L —3.04 

Cs“+e  = s —3.02 

Rb'+e = Rb —2.99 

Kh+e = K : —2.92 

Baˆ*+2e  = Ba -9.90 

S012 €2 = ST —2.89 

Các bóc = ~2.87 

Na'+e  = Na -2.7] 

Mg”+2e = Mg _2.34 

;H+e = H -2.23 

AI. r2c = AI 1.67 

Zn*+9e = Zn ~0.76 

Fe°t+2e = Fe -0.44 

Cr +e = Œr* -0.41 

H,PO,+2H*'+2e = H,PO;+H,O ~0.90 

Si n2. = on -0.14 

H*+e = *H, 0.00 

Sn“+9e = Sn” 0.15 

Cu”®*44gø Củ" 0.15 

S,OE 1992c- SG 25 5Ú: 0.17 

Có +26 = “Cụ 0.34 

Cu +e  = Cu 0.52 

TÌ+C. — °L 0.53 

H;AsO,+2H*+2e_ =_ H;AÁsO;+ H,O 0.56 

O;+2H*'+9e = HO; 0.68 

Fef'+e = Fe? 0.76 

‡Bra+e = Br 1.09 

IOs+6H'+6e ` = I+3H;O 1.09 

IOs+6H'+5e" =  j;¡I¿+3H,O 1.20 

ẬCL +e xw= LCI 1.36 

‡Cr,O?#+7H*'+3e = Cr*+ƒH,O 1.36 

MnO;+8H'+5e" = Mn°*+4H;O 1.52 

Cổ +6 .= Cổ" 1.61 

H,O,+2H*+2e = 2H,O hó 1.77 

‡SO#+e = SO# 2.05 

Os+2H'+2ec =  O;+H;O 2.07 

‡Fa+e = F 2.85 

‡Fa+H'+e = HF ` 3.03 


This reaction 1s called a second-order reaction because the sum of the ex- 
ponents on the concentration terms 0£ the rate law is two. The reacton 1s fur- 
ther said to be first order In each reactant. 

The other common type of reaction, kinetically speaking, 1s the firstorder 
reaction. The decomposition o£ NO; according to Eq. 1-8.3 is an exampIle: 


2N,O,(g) = 4 NO;(g) + O;(g) (1-8.3) 


đ[N,O 
¬ =-“[N,O,] (1-8.4) 
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The firstorder rate law implies certain useful regularities. Equation 1-8.4 can be 
rearranged and integrated as follows: 


d[N,O,]_— 
[N.O, ] 
địn{N,O, ]) = —kd/ (1-8.5) 
In 2C: 
[N;O; l 


where [N;Oz]¿ denotes the initial reactant concentration that is employed at the 
start Of a kinetics experiment, and [N;O;], denotes the concentration that is 
found after some time í. 

An equivalent expression can be given for any substance that disappears in 
firstorder fashion, namely, Eq. 1-8.6. 


Có bản (1-8.6) 
[Xi 


For the particular case where one-half of the original quantity of reactant has dis- 
appeared, we have 


[X],=? IXlo (1-8.7) 
so that Eq. 1-8.5 becomes 
In b = —Èh ;s (1-8.8) 
Or 
1 0.693 
tố Xu Ta (1-8.9) 


Thus the halÊlife í, „; of a firstorder process is inversely proportional to the rate 
constant #. The higher the rate constant, the faster ¡is the reacfion, and the 
shorter is the hal£life. 


The Effec† of Temperdfure on RedcTion Rdtes 


The rates of chemical reactions increase with increasing temperature. Generally, 
the dependence of the rate constant š on temperature T (in kelvins, K) follows 
the Arrhenius equation, at least over moderate tempcratur€ ranges (~ 100 K). 


k= A£*a/RT (1-8.10) 


The coefficient A is called the frequency factor and „is callsd the activation en- 
ergy. The higher the activation energy the slower the reaction at any given tem- 
perature. By plotting log k against 7 the value of E„ (as well as 4) can be đeter- 
mined. These E„ values are often useful in interpreting the reaction mechanism. 
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An alternative approach to interpreting the temperature dependence ofre- 
action rates, especially for reactions in solution, is based on the so-called absolute 
reaction rate theory. In essence, this theory postulates that in the rate-determin- 
ing step, the reacting species A and B combine reversibly to form an “activated 
complex” AB‡, which can then decompose into products. Thus the following 
pseudoequilibrium constant is written 


x: _ 1ABÌ] 
[AJP] 


(1-8.11) 


The activated complex AB is treated as a normal molecule except that one oÝ is 
vibrations is considered to have little or no restoring force, which allows dissoci- 
ation into products. The frequency v with which dissociation to products takes 
place is assumed to be given by equating the “vibrational” energy ?V to thermal 
energy k7. Thus we write 


K2) 


= tì~Í KỸ ltAp‡ 
n = V[AB'] b }am (1-8.12) 


The measurable rate constant is defined by 


_ “LAÌ _ srA][B] (1-8.13) 
di 
so that we have 
: 
TH ưa (1-8.14) 
hJ[AlIlB] »b 


The formation of this activated complex is governed by thermodynamic con- 
siderations similar to those of ordinary chemical equilibria. Thus we have 


AŒ=-RTn K‡† .. (1-8.15) 
and, therefore, 
= (=) _- (1-8.16) 
h 
EFurthermore, since 
AŒ= AHÌ- TAS‡ (1-8.17) 


we obtain 


k7 † 
s= (S) ¿ASlR „AH[Rr (1-8.18) 
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By taking the logarithm of both sides of Eq. 1-8.18, we obtain Eq. 1-8.19. 
In *= constant + AS‡/R— AH!/RT (1-8.19) 


A graph ofln k versus 1/7 should be a straight line with a slope related to AZ† 
and an intercept related to AS. Thus the activation enthalpies and entropies can 
be determined from a study of the dependence of the rate constant on temper- 
ature. 

Thịs absolute rate theory approach is entirely consistent with the Arrhenius 
approach. From standard classical thermodynamics, we have Eq. 1-8.20. 


E=AH+RT (1-8.20) 
Making the appropriate substitution into Edq. 1-8.18, we get Eq. 1-8.21. 
k=(kT 2/9) 202.2) 


k7 ¬ 
'n _ (1-8.21) 
h 


Thus we see that the Arrhenius factor is a function of the entropy ofactivation. 


Reoction Profiles 


The course ofa chemical reaction, as described in the absolute reaction rate the- 
ory, can be conveniently depicted in a graph of free energy versus the 7øcfi0n c0- 
ordinaie. The latter is simply the pathway along which the changes In various in- 
teratomic distances progress as the system passes from reactants to activated 
complex to products. A representative graph is shown ¡in Fig. l-2 for the uni- 
molecular decomposition o£ formic acid. 


The Effec† of Cotolysts 


A catalyst is a substance that causes a reaction to proceed more rapidly to equi- 
librium. It does not change the value of the cquilibrium constant, and it does not 
itself undergo any net change. In terms of the absolute reaction rate theory, the 
role of a catalyst is to lower the free energy of activation AGt. Some catalysts do 
this by simply assisting the reactants to attain basically the same activated com- 
plex as they do in the absence ofa catalyst. However, most catalysts appear to pro- 
vide a different sort of pathway, in which they are temporarily bound, and which 
has a lower free energy. 

An example of acid catalysis, in which protonated intermedliates play a role, 
is provided by the catalytic efect of protonic acids on the decompositon of 
formic acid. Figure 1-3, when compared with Fig. 1-2 (the uncatalyzed reaction 
pathway), shows how the catalyst modifies the reaction pathway so that the high- 
est value of the free energy that must be reached ¡s diminished. 

Catalysis may be either homogeneous OFr heterogeneous. In the previous ex- 
ample it is homogeneous. The strong acid is added to the solution offormic acid 
and the whole process proceeds in the one liquid phas. Ón the other hand, es- 
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Figure 1-2 The free energy profile for the decompositlon of 
formic acid. The free energy of activation is AGŸ. The standard 
free energy change for the overall reaction is AG”. 


pecially in the majority of industrially important reactions, the catalyst is a solid 
surface and the reactants, either as gases or ¡n solution, flow over the surface. 
Many reactions can be catalyzed in more than one way, and in some cases both 
homogeneously and heterogeneously. 

The hydrogenation of alkenes affords an example where both heteroge- 
neous and homogeneous catalyses are effective. The simple, uncatalyzed reac- 
tion shown in Reaction 1-8.22 


RCH=CH,+ Hạ —› RCH,CH,.. (1-8.22) 


is impractically slow unless very high temperatures are used, which give rise to 
other difficulties, such as the expense and difficulty of maintaining the temper- 


Figure 1-3 The frec encrgy profile for the acid catalyzed decomposition of formic 
acid. The parameter AŒ ¡s the same as in Fig. 1-2, but AG† is now smaller. 
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Figure T-4  A sketch of how a suitable platinum surface can catalyze alkene hydrogena- 
tion by binding and bringing together the reactants. 


ature and the occurrence of other, undesired reactions. If the øases are allowed 
to come In conftact with certain forms of noble metals (e.g., platinum) supported 
on high surface area materials (e.g., silica or alumina) catalysis occurs. Ít is be- 
lieved that both reactants are absorbed by the metal surface, possibly with disso- 
ciatlon o£ the hydrogen, as indicated in Eig. 1-4. Homogeneous catalysis (one of 
many examples to be điscussed in detaïl in Chapter 30) proceeds somewhat sim- 
1larly but entirely on one metal ion that 1s present in solution as a complex. 


Nucledar Regctions 


Although chemical processes essentially depend on how the electrons in atoms 
and molecules interact with each other, both the internal nature of nuclei and 
changes in nuclear compositon (nuclear reactions) play an important role in 
the study and understanding of chemical processes. Conversely, the study of nu- 
clear processes constitutes an iinportant area of applied chemistry, particularly 
Inorganic chemistry. 

Atomic nuclei consist of a certain number (N), of protons (p) called the 
đl0mic ưumbeør, and a certain number of neutrons (n). The masses Of these parti- 
cles are each approximately equal to one mass unit, and the total number of nư- 
cleons (protons and neutrons) is called the ?2ss øznÖr A. The two numbers ý 
and A completely designate a given nuclear species (neglecting the excited states 
of nuclei). It is the number of protons, that is, the atomic number, which iden- 
tiñes the ¿lzmew. For a given N, the different values o£ Á, resulng from different 
numbers of neutrons, are responsible for the existence of different ;sø/2/2s Of 
that element. 

When it is necessary to specify a particular isotope of an element, the mass 
number is placed as a left superscript. Thus the isotopes of hydrogen are si BÚ SỤ 
and 3H. In this one case, separate symbols and names are generally used for the 
less common isotopes °H = D (deuterium) and #H =T (tridum). 

All isotopes of an element have the same chemical properties except where 
the mass differences alter the exact magnitudes of reaction rates and thermody- 
namic properties. These mass effects are virtually insignificant for elements 
other than hydrogen where the percentage variation In the masses of the iso- 
topes is uniquely large. 

Most elements are found in nature as a mixture Of two or more isotopes. Tin 
OCCurs as a mixture of nine isotopes from ''°Sn (0.96%) through the most abun- 
dant isotopes !'#Sn (24.03%) to 124S$n (5.94%). A few common elements that are 
terrestrially monoisotopic are ?”AI, °'P, and ””Mn. Because the exact masses of 
protons and neutrons differ, and neither is precisely equal to Ì atomic mass unit 
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(amu), and for other reasons to be mentioned later, the masses of nucle1 are not 
equal to their mass numbers. The actual atomic mass of ””Mn, for example, Is 
54.9381 amu. 

Usually, the isotopic composition ofan element is constant all over the earth 
and thus is practical atomic weighit, as found in the usual tables, is Invariant. In 
a few instances, lead being most conspICuous, isotopic composition varies from 
place to place because of the different parentage of the element in radioactive 
species of higher atomic number. Also, for elements that do not OCCur in natUure, 
the atomic weight depends on which isotope Or isotopes are made in nuclear re- 
actions. In tables, it is customary to give these elements the mass number of the 
longest lived isotope known. 


Spontaneous Decoy of Nuclei 


Only certain nuclear compositions are stable indefinitely. All others sponta- 
neously decompose by emitting œ particles (2p2n) or B particles (positive or neg- 
ative electrons) or by capture ofa 1s electron. Emission of high energy photons 
(y rays) generally accompanies nuclear decay. Alpha emission reduces the 
atomic number by two and the mass number by four. An example 1s 


?38U ——> ”“[h+œ (1-9.1) 


Beta decay advances the atomic number by one unit without changing the mass 
number. In effect, a neutron becomes a proton. Ân example 1s 


5Co ——> S0N¡ +- (1-9.2) 


These decay processes follow firstorder kinetics (page 2l) and are insensi- 
tive to the physical or chemical conditions surrounding the atom. The halfFlives 
are unaffected by temperature, which is an important distinction from first-order 
chemical reactions. In short, the halFlife of an unstable isotope is one of is 
fixed, characteristiC properties. 

All elements have some unstable (¡.e., radioactive) Isotopes. Of particular 
importance is the fact that some elements have no stable isotopes. No element 
with atomic number 84 (polonium) or higher has zøy stable Isotope. Some, for 
instance, U and Th, are found ¡in substantial quantities in nature because they 
have at least one very long-lived isotope. Others, for instance, Ra and Rn, are 
found onÌy in small quantities in a steady state as intermediates in radioactive 
decay chains. Others, for instance, At and Fr, have no single isotope stable 
enoupgh to be present in macroscopic quantites. There are also two other ele- 
ments, Ic and Pm, which do not have a stable Isotope or one sufficiently long 
lived to have any detectable quantities of these elements occur In nature. Both 
are recovered from fission products. 


Nucleơr Fission 


Many of the heaviest nuclei can be induced to break up into two fragments ofin- 
termediate size. This process is called nuclear fission. The stimulus for this 1s the 
capture of a neutron by the heavy nucleus. This capture creates an excited state 
that splits. In the process, several neutrons and a great deal of energy are re- 
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Figure 1-5  A schematic cquation for a typi- 
cal nuclear fission proc€ss. 


leased. Because the process generates more neutrons than are required to stimu- 
late it, a chain reaction is possible. Each individual fission can lead to an average 
of more than one subsequent fission. Thus, the process can become selfsustain- 
ing (nuclear reactor) or even explosive (atomic bomb). A representative example 
of a nuclear fission process (shown schematically in Fig. 1-5) is the following: 


255U -en —› 13Ha + °'Kr + 3n 


Mass number 235 1 141 92 3 
Atomic number 92 0 56 36 0 
Neutrons 143 1 85 56 3 (1-9.3) 


Nucleơr Fusion 


In principle, very light nuclei can combine to form heavier ones and release en- 
ergy as they do so. Such processes are the main source of the energy generated 
in the sun and other stars. These processes also form the basis of the hydrogen 
bomb. At present, engineering research is underway to adapt nuclear fusion 
processes to the controlled, sustained generation of energy, but practical results 
cannot be expected in the near future. 


Nucleơr Binding Energies 


The reason that fñssion and fusion processes are sources of nuclear energy can 
be understood by referring to a plot of the binding energy per nucleon as a func- 
tion of mass number (Eig. 1-6). Binding energy is ñgured by subtracting the ac- 
tual nuclear mass from the sum of the individual masses of the constituent neu- 
trons and protons and converting that mass difference into energy using 
Einsteinˆs equation, E= mc?. The usual unit for nuclear energies is Ì million elec- 
tron we have: volts (MeV), which is equal to 96.5 10Ê kJ mo[ `. 
Eor example, for 'C we have: 


1. Actual mass 12.000000 amu 
2. 6X proton mass 6.043662 amu 
3. 6x neutron mass 6.051990 amu 


0.095652 amu 


(2)+(3)— Œ) 
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Figure T-6 The binding energy of nucleons as a function of 

mass number. 


One amu = 931.4 MeV. Hencc, 


Total binding energy = (931.4) (0.095652) = 89.09 MeV 
Binding energy per nucleon = (89.09) /12 = 7.42 MeV 


Since the formation of nuclei of intermediate masses releases more energy 
per nucleon than the formation of very light or very heavy ones, energy will be 
released when very heavy nuclei split (fission) or when very light ones coalesce 
(fusion). : 


Nucltedr Redcftions 


The chemist, for a variety of purposes, wilÌ often require a particular isotope that 
1s not available in nature, or even an element not found in nature. These iso- 
topes or elements can be made in nuclear reactors. In general, they are formed 
when the nucleus of a particular isotope of one element captures one or more 
particles (œ-particles or neutrons) to form an unstable intermediate. This inter- 
mediate decays, ejecting one or more particles, to give the product. The more 
common changes are indicated in Flig. 1-7. 

A convenient shorthand for writing nuclear reactions is illustrated below for 
the process used to prepare an isotope of astatine. 


29B¡ (œ, 2n)®At 


This cquation says that ““'Bi captures an œ-particle, and the resulting nuclear 
species, which is not isolable, promptÌy emits two neutrons to give the astatine 
Isotope of mass number 211. The mass number increases by 4 (for œ) minus 2 
(for 2n) = 2 units and the atomic number increases by 2 units due to the two pro- 
tons in the œ-particle. Another representative nuclear reaction is 


?°%Bị (n, y)“'*“Bi ——> ?!°Po + B (1-9.4) 
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Mass number —+> 


Atomic number ——*> 


Figure †1-7  A chart showing how the more important 
prOc€sses of capture and ejection of particles change the nuclei 
(EÉC = electron capture). 


Uniis 


There is now an internationally accepted set of units for the physical sciences. Ít 
is called the SI (for Sysiờme Imternatønal) units. Based on the metric system, it is 
designed to achieve maximum internal consistency. However, since it requires 
the abandonment of many familiar units and numerical constants in favor of 
new ones, its adoption in practice will take time. In this book, we shall take a mid- 
dle course, adopting some SĨ units (e.g., joules for calories) but retaining some 
non-SÏI units (e.øg., angstroms, Ả). 


The SỈ Unifs 


The SĨ system is based on the following set of defined units: 


Physical Quantity Name of Ủnit Symbol for Unit 
Length meter m 

Mass : kilogram kg 

Time second § 

Electric current ampere A 
Temperature kelvin K 
Luminous intensIty candela cd 
Amount of substance mole mol 


Multiples and fractions of these are specified using the following prefixes: 
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Multiplier Preñx Symbol 


TÚ. deci d 
TẾ centI C 
I” mIlh m 
FU e8 micro u 
TÚ” nano n 
10? pico P 
T0P” femto 1 
10 deka da 
10? hecto h 
10 kilo k 
108 mega M 
109 — giga G 
"Ú"= tera T 


In addition to the deñned units, the system includes a number of derived 
units. The following table lists the main unIts. 


Physical Quantity Name of Unit Symbol Basic Units 
Force newton N SI1m°” 
Work, energy, quantity of heat joule J =_ NmorkgmẺs7” 
Power Watt VU -— Ji 
Electric charge coulomb C = AÀs 
Flectric potential volt V = WA"!,kgm2s° A*!,or]/C 
Electric capacitance farad F 2nWRpE 
Flectric resistance ohm Ọ =... 
Frequency hertz MA. SG, - 
Magnetic flux weber Wb = Vs 
Magnetc flux density tesla T = Wbm7 
Inductance henry H =“....ử 


Unifs †o Be Usedl in This Book 


Energy 

Joules and kilojoules wïll be used. Much of the chemical literature to đate 
employs calories, kilocalories, electron volts and, to a limited extent, wavenum- 
bers (cm”`). Conversion factors are given below. 


Bond Lengths 

The angstrom (Ả) will be used. This is defined as 10? cm. The nanometer 
(10 A) and picometer (16: Ả) wIll also be used. The C——C bond length In dia- 
mond has the value: 


1.54 angstroms 
0.154  nanometers 
154 picometers 


Pressure 
Atmospheres (atm) and Torr (1/760 atm) will be used. 
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Some Useful Conversion Factors and Numerical Constants 


Conuersiơn Factors 
1 calorie (cal) = 4.184 joules (J) 
1 electron volt per molecule  = 96.485 kilojoules per mole (k] mol”) 
(eV/molecule) = 23.06 kilocalories per mole (kcal mol”) 
1 kilojoule per mole = 83.54 wavenumbers (cm) 
(k]/ZmoL) 
1 atomic mass unit (amu) = 1.6605655 x 10?” kilogram (kg) 


= 9351.5016 mega electron volt (MeV) 
Tmpbortant Constants 


Avogadrosnumber NW,  =6.022045 x 10? mol 
Electron charge e = 4.8030 x 10”° abs esu 
= 1.6021899 x 10”' CC 
Electron mass m„ = 9.1091 x 10?” kg 
= 0.5110 MeV 
Proton mass ?, = 1.6726485 x 10'”” kg 
= 1.007276470 amu 
Gas constant R = 8.31441 J mol" Kˆ" 


= 1.9879 cal mol"! K1 
= 0.08906 L atm mol"! Kˆ 


lce point =273.15 K 
Molar volume = 22.414 x 10” cmŸ mol” 
= 2.2414 x 10? m mo['` 
Planck's constant hb = 6.626176 x 10” J s 
= 6.626176 x 10'®” erg s 
Bolzmann”s constant È = 1.380662 x 10” J K" 
Rydberg constant % = 1097373177 x 10” m'` 
Speed of light c = 2.99792458 x 10 m s”” 
Bohr radius đi = 0.52917706 x 10ˆ!°m 
Other numbers 7 =3.14159 
ớ 217152 
Inl0 = 2.3026 


Coulombic Force and Energy Colculofions in SI Unifs 


Although SI units do, for the most part, lead to simplification, one computation 
that is important to inorganic chemistry becomes slightly more complex. Wc ex- 
plain that point in detail here. Ït traces back to the concept of the dielectric con- 
stant e, which relates the intensity of an electric field induced within a substance 
Dto the intensity of the field applied E by the equaton 


D=eE (1-10.1) 


The same parameter appears in the Coulomb equation for the force "between 
two charges ø,¡ and 4›, which are separated by a distance ở and immersed in a 
medium with a dielectric constant e. 


F= =—* (1-10.3) 
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In the old centimeter-gram-second (cgs) system of units, whịch the SI system 
replaces, units and magnitudes were defined so that e was a dimensionless quan- 
tỉty and for a vacuum eo = Ì. 

For reasons that we shall not pursue here, Coulomb's law of electrostatIic 
force, in SI units, must be written 


=4 (1-10.3) 
€ 


The charges are expressed in coulombs (C), the distance in meters (m), and the 
force is obtained in newtons (N). Therefore, is no longer dimensionless and 
has units C2? m1 JƑ', Moreover, the dielectric constant of a vacuum (the permit- 
tivity, as it should formally be called) ¡s no longer unity. Ít 1s, 1nstead, 


cọ = 8.854 x 1012 C? mˆ' J3 (1-10.4) 


Thus, to calculate a coulomb energy Ein joules (J) we must employ the ex- 
pression 


x 
..?^®° (1-10.5) 
47red 


with all quantities being as defned for the Coulombic force. 


STUDY GUIDE 


Study Questions 


1. Defne the terms exothermic and endothermic. What are the signs of AH for cach 
type Of process? 


2. How is the standard enthalpy of formation of a substance defned? Write the bal- 
anced chemical equation that applies to AH7[CF;SO;H]. 


3. Write balanced chemical equations that apply tơ ẻach of the following enthalpy 
changes: 


(a) AH¿u„[H;O] (b) AH,[CsH¿] 
(c) AH:A[OI@)] (d) AH,„[Na(@)] 

4. Write an equation that can be used to define the mean S—E bond energy in SFs. How 
1s this value likely to be related in magnitude to the energy of the process SFs(g) —> 
SF;(g) +FŒ)? 

5. Prepare graphical representations of the relationships between 
(a) AGand T) four separate possibilities depending on the signs of AH and A5. 

(b) kand 7; using AH and AS†. 
6. Give a qualitative definitdon of entropy. 
7. Against what standard are the absolute entropies of substances tabulated? 


8. Prepare graphs of the concentration of reactant AÁ as a function of time if A disap- 
pears in firstorder fashion. How should the data for such a firstorder reaction be 
plotted in order to obtain a straight line relationship? 


9. Answer asin Question 8, bụt for a second-order disappearance of reactant A. 
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19. 


11. 


12. 


1ä. 


14. 


l5. 


16. 


1. 


18. 


19. 


20. 


What elements might have negative electron attachment enthalpies? What is the 
meaning of a negative sign for the electron attachment enthalpy? 


The N—N bond energy in F;NNE; is only about 80 kỊ mol" compared to 160 kJ 
mol in HyNNH;. Suggest a reason. 


Predict the signs of the entropy changes for the following processes: 

(a) H;O(() — H,O(g) 

(b) P,() + 10 F;(g) —› 4 PF;(g) 

(c) I;(s) + Cl;(g) — 2 ICI(g) 

(d) BF;(g) + NH;(g) — HạNBE;(g) 

(e) CO;(g) — CO;() 

se the data of Table 1-1 to estimate AH7 values for the following molecules: 

(a) HNOI; (b) CEF;SF; (c) CINNH; 

What do you suppose is the main thermodynamic reason why the following reaction 
has an equilibrium constant > 1? 


BCI;(g) + BBr;(g) —> BCI;Br(g) + BCIBr;(g) 


Use the data of Table I-l to predict the enthalpy change for the reaction CO + 
H;O — CO; + H¿. 

What is the value of the equilibrium constant for a reaction that has AŒ° = 0? Draw 
the reaction profile for such a system. 

The following đata are available for the forward direction of an equilibrium system: 
AŒ =~50 k] mol” and AG = 20 kJ mol". What is the activation free energy for the 
reverse direction of the equilibrium? Prepare a reaction profile, showing the relative 
magnitude of each of these three quantities. 

The conversion of điamond into graphite is a thermodynamically favorable (sponta- 
neous) process, and yet one does not expect a diamond to change into graphite. 
Why? 

Determine the standard cell potentials for the following redox reactions: 

(a) The oxidation o£ lithium by chlorine 

(b) The reduction of Ce” by iodide. 

Use Eq. 1-6.3 to ascertain the relative values of Ki and K, for an exothermic reaction, 
assuming that 7; > 7¿. Answer also for an endothermic reaction. Explain the conse- 
quences in terms of the Principle of Le Châtelier. 
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THE ELECTRONIC STRUCTURE 
OF ATOMS 


Introduction 


The term electronic structure, when used with respect to an atom, refers to the 
number and the distributon of electrons about a central nucleus. The nucleus 
can be considered to consist of the proper number of protons and neutrons, de- 
pending on the mass number and atomic number of the isotope in question. Ít 
1s reasonable, for our purposes, to take this simplistic view of the nucleus. Apart 
from electrostatic repulsions between nuclei, all of the major interactions be- 
tween atoms in normal chemical reactions (or in the structures of elemental and 
compound substances) Involve the electrons. Ultimately, we would like to be able 
to use our understanding of the electronic structures o£ atoms to describe the 
structures and reactivities of molecules and ions. 

A complete description of the electronic structure o£an atom would include 
more than just the number and the spatial distribution of electrons within the 
atom. Nevertheless, most of what we would like to know about electronic struc- 
ture is dictated by these two properties. Once the spatial distribution of the elec- 
trons is known, other important properties follow. Eor instance, the energies, 
ionization enthalpies, sizes, and magnetic properties oŸatoms all depend on the 
number and arrangement of the electrons within the atom. 

Much of the experimental work on the electronic structures of atoms done 
prior to 1913 involved measuring those frequencies of electromagnetic radiation 
that aré absorbed or emitted by atoms. It was found to be characteristic of atoms 
that they absorb or emit only certain sharply defined frequencies Of electromag- 
netic radiation. The exact pattern of emission frequencies was found to be char- 
acteristic of each particular element, with the emission or absorption patterns 
being more complex for the heavier elements. Although the emission and ab- 
sorption spectra for most of the elements wer€ known before the turn of the cen- 
tury, a suitable theory was not then available for even the simplest case: the hy- 
drogen atom. 

The atomic emission spectrum for atomic hydrogen (Fig. 2-1) was found to 
consist of several series of lnes, or spectroscopic emissions. Within cach series, 
the lines become increasingly closely spaced, until they converge at a liming 
value. It was Rydberg who recognized that these emission lines for the hydrogen 
atom had wavenumbers Ÿ (equal to v/¿, where V ¡s the frequency of the emission 
line and c is the speed o£ light) that conformed to the relatonship shown in 


Eq22:1:1. 
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 E) =........ củ 
1m + m== (m+1), (m+2), (m+3),... 

Thus each emission of light from the hydrogen atom OCCUrS at 4 precise value Of 
, in units of reciprocal centimet€rs (cm !). The various lines are then each 
found at specifñc locations in the spectrum (ï.e., at specific values of ) depend- 
ing on the values of the integers 7 and ø. 

The integer = l gives rise to the Lyman series (Fig. 2-1) for which the con- 
vergence limit is 109,678 cm”. When #ø = 2, the BaÌlmer series arIses, and so on. 
Two more well-defined series of lines appear at lower energies (¡.e., in the IR por- 
tion of the spectrum), but are not shown in Fig. 2-1. In addition to deducing how 
the integers z and ø could be used in Eq. 2-l.1 to generate the Sp€cCtrOSCOpIC 
emission pattern for atomic hydrogen, Rydberg also empirically determined that 
the constant Ø = 109,678 cm. Although it seems straightforward now, the ac- 
complishment of Rydberg was remarkable. The existence of a quantitative de- 
scription, Eq. 2-1.1, of the spectroscopic lines for atomic hydrogen made it quite 
clear that the pattern of lines was significant. The pattern was clear, but the 
meaning was not. 

The meaning was clariñed in 1913 by the Danish physicist Niels Bohr, who 
realized that the Rydberg equation could not be explained in terms o£ the strictly 
classical theories then in use. Bohr reasoned that if only discrete frequencies 
could be emitted or absorbed by an atom, then only điscrete energies were DOS- 
sible for the electrons in that atom. Bohr broke with the tradition of classical 
physics and proposed that the electron could revolve indefinitely about the pro- 
ton in orbits of fxed radii. According to classical physics, this should be Impos- 
sible; the electron should spiral inward towards the nucleus, emitting a contin- 
uum of frequencies before crashing into the nucleus. 


Ultraviolet 


| 


II 


Visible Infrared 


Figure 2-Ï The emission spectrum of atomic hydrogen as recorded on a strip of fñÌm. Each 
line represents an emission frequency. Three series of lines are shown. Within each series, the 
lines converge to a limit. Two more well-defined series occur for atomic hydrogen in the infrared 
(TR) region, but they are not shown here. 
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Bohr's theory for the electronic structure of the hydrogen atom was 
founded on the assumption that for each discrete orbit, the angular momentum 
of the electron must be quantized according to Eq. 2-1.2 


Trrur = n2 h/91 (2-1.2) 


where ø is an integer, and öø are the mass and velocity of the electron, respec- 
tively, r is the radius of the orbit, and ở ¡is Planck's constant. According to the 
Bohr theory, the electron traveling in an orbit with radius zwould pOSS€ss an an- 
gular momentum øzz, which depended on the quantum number ø. These two 
proposals—stable orbits and the quantization ofangular momentum (and hence 
of the radius and energy of the electron)—were in conflict with and utterly out- 
side of the accepted physical theory of the tỉne. However, by using these as 
sumptlons and by treating the rest of the problem in a perfectly traditional way, 
Bohr was able to show that ailoweđ orbits were those with radii given by Eq. 2-1.3. 


29 
— Tho 


Ling 9 
T12 


(2-1.3) 


The requirement that zzr can take only those values that are multiples of 
h/27# means that only certain values of z (those given by Eq. 2-1.3) are allowed. 
Electrons within orbits with discrete radii then must have energies that are quan- 
tized according to Eq. 2-1.4. 


- mZ°e" (2-14 
8ø”h°<) 
The letter Zis the nuclear charge and is equal to 1 for the hydrogen atom. 

The most exciting support for Bohr”s theory was that the collection o£ con- 
stants other than the quantum number zin Eq. 2-1.4 is numerically equal to the 
value for Ø®, which Rydberg had determined empirically. In short, Bohr had ob- 
tained Eq. 2-1.5. 


(2-1.5) 


The explanation for each series oŸ spectroscopIc lines in the spectrum for 
atomic hydrogen was now at hand (see Eig. 2-2). An electron would have lowest 
(most negative) energy when In the orbit for which zø= 1. The radius of this orbit 
(a¿ = 0.599 Ả) can be calculated using Eq. 2-1.3. Each higher value of the quan- 
tum number yields a correspondingly larger and Ìess stable orbit, that is, one 
with a less negative energy. If an electron is excited to an orbit with higher en- 
ergy (œ> 2) and returns to the ground state (ø = 1), discrete energies equal to 
Ø® [(1⁄12) - (1⁄ø2)] are emitted. In this case, the Lyman S€TI€S OỂ SD€CtTOSCODIC 
lines (Fig. 2-1) is observed. The other series arise when the electron drops from 
upper levels to those with ø= 9 (Balmer series) and ø = 3 (Paschen series), as 


shown in Flg. 2-2. 
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Figure 2-2  A diagram of the Bohr orbits and the corresponding energies for an electron in 
the hydrogen atom. Each arc represents a portion of an orbit. The transitions that gỉve rise to the 
three series of spectroscopic lines of Fig. 2-1 are indicated. 


In developing his theory, Bohr made use o£ Planck's earlier postulate (also 
in conflict with classical physics), which stated that electromagnetic radiation 1s 
itself quantized. According to Planck, each quantum of electromagnetic radia- 
tion of frequency V has energy given by Eq. 2-1.6. 


E=N cụ (2-1.6) 


The Bohr model was refined by Arnold Sommerfeld, who showed that fñiner 
features of the hydrogen spectrum, which were observed on application of a 
magnetic field, could be accounted for 1f elliptical, as welÏ as circular orbits were 
used. This gave another quantum number that dictated the ellipticity of the 
orbits. 

In spite of the success of the Bohr-Sommerfeld quantum theories for the 
hydrogen atom, the theories had to be abandoned for a number of reasons. 
First, the approach could not be applied successfully to the interpretation of 
spectra for atoms more complex than hydrogen. Perhaps more important, later 
work showed that electrons cannot be regarded as discrete particles with both 
precisely defined positlons and velocities. It is not that the quantum approach 
was wrong, but that the electrons cannot be described adequately by the sim- 
plistic nodon that they are only particles. In fact, it became evident that electrons 
also possess the same wavelike properties that Planck had already ascribed (Ea. 
2-1.6) to photons. We now know that this wave—particle duality (both wave and 
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particle characteristics are necessary for a full description) is typical of all mat- 
ter, not just photons and electrons. 


Wave Mechơnies 


In 1924, the French physicist Louis Victor de Broglie suggested that all matter 
could exhibit wavelike properties. For particles, such as electrons or nucleons, 
that travel with velocity ø, de Broglie proposed the important matter-wave rela- 
tionship shown in Eq. 2-2.1: 


À= h/mu (2-2.1) 


Matter with mass 7 and velocity ø (properties associated with particles) has a 
wavelength À (a property associated with waves). While all matter in motion 
would then have an associated waveform, the wavelength is meaningful to spec- 
troscopists only when ø is small. De Broglie's proposal was substantiated a few 
years later when the two Americans Clinton J. Davisson and L. H. Germer found 
experimental evidence that electrons do behave in a wavelike manner. They 
demonstrated that a beam of electrons is diffracted by a crystal in much the same 
way as a beam of X-rays. The wavelength that Davisson and Germer determined 
for the electrons was just that predicted by Eq. 2-2.1. 

Concurrent with these developments was the proposal by the Viennese 
physicist Erwin Schrödinger stating that the electron should be described in a 
way that would emphasize its wave nature. The Schrödinger wave equation, 
shown in its most general form in Eq. 2-2.2 


3W =EwW (2-2.2) 


represented a new method—wave mechanics—for describing the behavior of 
subatomic particles. Wave mechanics leads to the same energy levels of the elec- 
tron in the hydrogen atom that Bohr obtained. In addition, it gives a better ac- 
count of other properties of atomic hydrogen, but most important, it can give a 
Correct account of more complex atoms as welÌ. 

The method of wave mechanics, as expressed in Eq. 2-2.2, 1s the method of 
operator algebra. The operator 2, called the Hamiltonian operator, prescribes a 
series of mathematical operations that are to performed on the wave function, 
*Ƒ. The wave function, 1Ÿ, ¡sa mathematical expression that describes or defines 
the electron in terms of its wave properties. If the electron is accurately de- 
scribed by the wave function, ', then *Ÿ is said to be a proper Wave function (an 
eigenfunction) for the Hamiltonian operator. According to the dictates of oper- 
ator algebra, this will happen only when the mathematical manipulations pre- 
scribed by the Hamiltonian operator give the wave function back, unchanged, 
save for multiplication by the constant E. The constant, E, is the energy that the 
electron would have if it were to be described as, or behave according to, the 
wave function, . Although there is only one set of wave functions that can ex- 
actly satisfy the Schrödinger equation, and thus correspond exactly to those en- 
ergies E actually possessed by the electron in the various states of the atom, the 
wave functions are not easy to determine. Instead, it is necessary to devise var1- 
ous trial wave functions and test them. A comparison of the energies observed 
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Table 2-1 Some Hydrogenm-like Wave Functions *Ƒ = R(@(0)®($) Factored Into 
Radial [R(z)] and Angular [9(6)®($)] Components” 


Orbital R) ©(0)®()) 
3/2 1/2 
1 
1s N, lễ] TC (2) 
đọ 4m 
3/2 1/2 
z2 cm 3 le: để 
— — 8 sin 
2Ð, N, nI (ar}e m= sinØ sin¿ 
3/2 1/2 
3đ „ N, l] (ar)°e”” (] sinØ cosØ sin$ 
0 


The factors ø, ở, and N. depend variously and in part on one or more of the quantum numbers 1, 
£, and mm. The value ø¿ is the Bohr radius. The correspondence between spherical polar coordi- 
nates and the more familiar Cartesian coordinates (x, y, and z) is discussed in the text. 


spectroscopically (Fig. 2-1) with those calculated from a trial set of wave func- 
tions (each corresponding to an energy level E) gives an indication of how 
closely the trial wave functions match the true wave properties Of the electron. 

For a system as simple as the hydrogen atom, the wave functions can be de- 
termined precisely. Some of these functions are given in abbreviated form in 
Table 9-1, where they are factored into their various components in the polar co- 
ordinates r, 9, and ¿. The polar coordinates 7, 9, and $ correspond to the 
Cartesian coordinates in the following ways: x= zsin 9 cos @, y= 7sin Ø sin 0, and 
z=rcos9. The numbers z2, ở, and X, take different values depending on the 
quantum numbers at hand. 

A more complete listing of the wave functions for the hydrogen atom ¡is 
given in Appendix HA. The wave functions are three dimensional, and contain 
the three quantum numbers ø, f, and ? as integers. In addition, cach electron 
is characterized by the spin quantum number z„ equal to the quantity either 
plus or minus one half. One electron is made distinct from another because of 
a difference in the value of at least one of these four quantum numbers. We shall 
have more to say about quantum numbers in Section 2-3. Eirst, ¡t is Important to 
understand the meaning of the wave functions themselves. 

While it is difficult to assign a physical meaning to the wave function itself, 
its square gives us a measure of the electron density in the various regions about 
the nucleus. A three-dimensional plot of the values of W® centered on the nu- 
cleus gives us an indication of those regions about the nucleus where the elec- 
tron, if it were behaving as the waveform, W, would be most densely distributed. 
According to this interpretation of*ŸŸ, the electron is regarded as a smeared out 
distributon of negative charge whose density varies from place to place accord- 
ing to the magnitude ofW°. We have a situation in which the electron is smeared 
about the nucleus in a way that varies with the distance, as governed by the ra- 
đial portion of the wave function, #(?), and in different angular patterns, as gOv- 
erned by the angular portion o£ the wave function, Ø(9)®(@). If the electron is 
thought o£ as “being” the wave function, then the electron can be said to be dis- 
tributed into an orbital (a term borrowed from the Bohr concept of orbits), 
which has a size dictated by the function #{r), a shape dictated by the function 
©(9)®(9), and an energy, È, which can be calculated by using Eq. 2-2.2. 
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(œ) 


Figure 2-3  (a) The preccise circular path of an electron in the first Bohr orbit, for 
which the radius is øo = 0.529 Ả. () The electron density pattern for the comparable 
atomic orbital, drawn so that the stippling intensity corresponds to the value of the 
function [#() ]Ê for the 1s atomic orbital. 


Ít is instructive to compare the Bohr result with that ofwave mechanics. The 
exact (precisely defined) radius for the electron in the first Bohr orbit 1s ao = 
0.529 Ả. This is shown in Eig. 2-3(2) as a circle having a radius equal to ao. The 
wave mechanical result for the same orbital is shown in Flg. 2-3() as an electron 
density (or sppling) pattern, where the electron density (as indicated by the in- 
tensity of the stippling) is dependent on the value of the function [R) ]Ÿ. 

The electron density in the same orbital is shown In a different way in Flg. 
92-4. Here we have plotted the value of the function 4?[R@) ]Ÿ as a function of 
r, the distance from the nucleus. This function represents the electron density 
that is encountered within each spherical shell of thickness đz, as the distance z 
from the nucleus increases incremenrtally from the value 7 to the value r + đz. The 
function 47r?[R(¡) ]Ÿ has reached its maximum at precisely the value of Bohr's 
first orbit: r= 0.529 A. The correspondence between the two theories in this re- 


Sp€ct 1s reassuring. 


# 


Figure 2-4  A comparison of the radial den- 
sity distributuion function ?2R(;)°, which has 
maximum value at r= ao, and the Bohr radius, 
where r= ao, exclusively. 
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(2) (b) 


Figure 2-5  Contour maps of some orbitals, showing both shape and 'internal” gradients in 
electron đensity. (2) The 2ø orbital. (¿) The 3ø orbital. The contour lines are drawn at the points 
where some fraction (arbitrarily 0.0316, 0.10, and 0.316) of the maximum electron density has 
been reached. The maxima are indicated by the bars on the axes. [Reprinted with permission 
from E. A. Ogryzlo and G. B. Porter, J. Chem. Educ., 40, 256-261 (1963). 
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Clearly, it is difficult to represent both the shape and size of an orbital on 
one graph. Where a cross section of an orbital is shown, one sees radial changes 
in electron đensity quite readily, but one Ìoses a sense of the three-dimensional 
“roundness” that orbitals have. Where shape is shown (look ahead to Elg. 2-6), 
one loses the ability to show attenuations in electron density as a function of 
R(n). The best solution to this dilemma is shown in Fig. 2-5, where contour and 
shape are shown simultaneously for two orbitals that we shall discuss shortly. 

In some cases it is not efficient to show the full contour điagram for an or- 
bital. The orbital is simply drawn as an enclosure surface, inside of which a ma- 
jority (arbitrarily, >95%) of the electron density is known to reside. Thus the 
shape of each orbital may be drawn as in Eig. 2-6. Although these shapes are con- 
structed from *ŸÊ (which must be everywhere positive), each lobe of the orbital 
1s given the sign of the original wave functon 1. What is not shown in the en- 
closure surfaces of Fig. 2-6 is the gradation in electron density that 1s contained 
in the function #?(?). 


Atomic Orbitols in Wove Mechơnics 


W©e now consider the entire set of orbitals for the electron 1n the hydrogen atom. 
The orbital designation and the unique set of the quantum numbers ø, £, and 
?m„ that gives rise to each one are listed in Table 2-2. The shape of each type of 
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Figure 2-6 Atomic orbitals for the hydrogen atom, drawn as enclosure surfaces 4s de- 
scribed in the text. The lobes are derived from 1Ÿ” and must be everywhere positive. 
The lobes have been given the signs, however, of the original wave functions *Ÿ, as this Is 
information that becomes important when considering bonding via overlap of such or- 


bitals. 


orbital is shown in Fïg. 2-6, and the radial dependences, RŒ) and r°®R(r)Ê, are 
graphed in Fig. 2-7. The principal quantun number ø may take integral values 
from 1 to œ, although values larger than 7 are spectroscopically and chemically 
unimportant. It is the value of this quantum number ø that determines the size 
and energy of the orbital. For a given value of ø, the quantum number £ may 


Chopter2 / The Electronic Structure of Aloms 


Tgble 2-2 Quantum Numbers and Atomic Orbital Designations 


Shell ? £ Tẹ Orbital 

MA -::. 7... e ẽ © 

K 1 0 0 1s 

TẾ 2 0 0 2s 

P) 1 1, 0, +] 2p 

M 3 0 0. 3s 

3 1 =0. 3ø 

3 2 —9, —l1, 0, +1, +2 3đ 

N 4 0 0 4s 

4 1 =1,0, +Ï 4p 

4 2 ~2, —1, 0, +1, +2 4d 

4 3 —3, =9, —l, 0, +1, +2, +3 4ƒ 

O 5 0 0 — 5g 
...,.,...,. ........ ẻ  T 
take values 0, 1, 2, 3,..., (z— 1). Itis this quantum number that determines the 


shape of the orbital. A letter designation is used for cach orbital shape: s, when 
£=0; ø, when € = 1; d, when € = 2; ƒ£ when £ = 3; followed alphabetically by the 
letter designations ø, #, and so on. Eïnally, for any one orbital shape, the quan- 
tum number zz may take integral values from -Ý to +£. This latter quantum 
number governs the orientation of the orbital. Once the electron for the hydro- 
gen atom is placed into one specific orbital, the values of the three quantum 
numbers ø, É, and ; are known. In addition, the electron may have a value for 
the spin quantum number (,) Of +2 Or ~3. 


s Orbitols 


Every s orbital has quantum number £ = 0 and is spherically symmetrical. The 
smallest such orbital, the 1s orbital, has its maximum electron density cÌosest to 
the nucleus, as in Fig. 2-7(). Hence, this is the most stable orbital for the elec- 
tron of the hydrogen atom. The sign of the 1s wave function is everywhere posi- 
tive, as shown in Eig. 2-7(z). Beginning with the 2s orbital, there are positive and 
negative values for a wave function, a change occurring each time that the func- 
ton R(?) crosses the abscissa [Fig. 2-7(a)]. These changes in sign for the func- 
tion #{?) correspond to nođes in the functions r?®R(r)®—values of r where the 
electron density becomes zero. Notice from Fig. 2-7() that as the value o£ ø in- 
creases, the maximum ïn the radial electron density shifts farther from the nư- 
cleus. Thus an orbital gets larger as the principal quantum number ø increases. 
Correspondingly, the energy of the electron in such an orbital becomes Ìess neg- 
ative, meaning that the electron is less strongly bound. 


p ©rbitdls 


For cach ø orbital, the quantum number £ equals 1, and the shape is that shown 
in Fig. 2-6. Three values of the quantum number ?¿ are possible (—1, 0, +]), rep- 
resenting each of the three possible orlentations in space. There 1s a node at the 
nucleus for each ø orbital because the ø-type wave function [Fig. 2-7(ø) ] has the 
value zero at the nucleus. The sign of the ø orbital therefore changes at the nu- 


Figure 2-7 Plo for the hydrogen-like wave functions oŸ (2) the radial 
function R(?) versus z, the distance from the nucleus; and (ð) the proba- 
bility distribution function 4#??[R(?) ]Ÿ versus z, the distance from the nu- 
cleus. Note that the range of values for the two axes have been changed 


from one graph to another. 
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cleus. The 2ø orbitals have no other nodes, but beginning with 3ø there are ad- 
ditonal radial nodes, as shown ¡in Fig. 2-7. Às was true for the s orbitals, the size 
of a øorbital depends on the principal quantum number in the order 2ø, 3/Ø, 4, 
and so on. This can be seen by comparing the positions of the largest maxima In 
the graphs of r?®R()” in Fig. 2-7(). 


dOrbitols 


Each set of đ orbitals consists of five members whose shapes are shown in Fïg. 
2-6. The five members arise because there are five possible values for the quan- 
tum number 7 (—2, —1, 0, +1, +2). Within each lobe of the đ orbitals, the radial 
electron đensity changes as shown in Fig. 2-7. The following featur€s are 1mpOr- 
tant. The 4z orbital is symmetrical about the zaxis. The đ,., địa and đ., orbitals 
are alike, except that they have their lobes in the zz, y and xy planes, respec- 
tively. The đ,z_„z orbital has the same shape as the đ„„ but the former orbital is ro- 
tated by 45° about the zaxis so that its lobes lie on the xand y axes instead of be- 
tween the xand yaxes. The đ orbitals appear only when the principal quantum 
number ø has risen to the value of three or gr€ater. 


f£ Orbitdls 


For each value of the principal quantum number ø > 4, there is a set OÊ seven ƒ 
orbitals for which £ = 3. Within this set of seven orbitals, the quantum number 
m¿ takes the seven values —3, —2, —], 0, +1, +2, +3. The ƒorbitals play an impOor- 
tant role in chemical behavior only for compounds of the lanthanides and ac- 
tinides. The typical shapes of these orbitals are given in Fig. 2-8. 


4/5z3T— 3zr? : : 4ƒ5yz2 — yr2 


Figure 2-8 Shapes of the seven ƒorbitals. Solid lines represent positive amplitude and dotted 
lines negative amplitude of the wave function. [Taken from Q. Kikuchi and K. Suzuki, J. Chem. 
Educ., 1985, 62, 206-209 and used with permission. | 
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Figure 2-9 The relative cnergies of the atomic orbitals as a function o£ atomic number. 


Energy Levels in the Hydrogen Alom 


For the hydrogen atom, the order of increasing energy for the atomic orbitals is 
determined only by the principal quantum number 0. The energy of the elec- 
tron is the same regardless of whether it is in an s, Ø, đ, Or # orbital, as long as the 
principal quantum number ø is the same. Th1s is shown in Eig. 2-9, where for the 
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hydrogen atom (atomic number 1), the energies o£ the s, ø, đ, and ƒorbitals con- 
verge at a value that depends only on ø. Thịs is obviousÌy not true for atoms with 
more than one electron. For these more complex atoms, the hydrogem-like 
atomic orbitals must be modified to reflect the pattern of energies shown in 
ElBiwS-7. 


Structures of Atoms with Many Electrons 


By using the experimental data of Fig. 2-9, it is possible to arrange the atomic or- 
bitals in multielectron atoms in the correct energy order for building up the 
electronic structures for atoms having an atomic number greater than 1. This or- 
dering of atomic orbitals for muldelectron atoms is shown in Elg. 2-10. Note that 
the ø orbitals retain their threefold degeneracy, the đ orbitals their fñvefold de- 
generacy, and the ƒorbitals their sevenfold degeneracy. Before writing the elec- 
tron confgurations for multielectron atoms, it is useful to understand the rea- 
sons for the energy ordering given in Fig. 2-10. Why, for a given value of the 
principal quantum number ø, are the atomic orbitals used in the order s, ?, đ, / 
and so on? The answer to this question can be found in part by examining the 
repulsions among the electrons of a multelectron atom and the relative ampili- 
tudes of the radial portions of the atomic orbital wave functions. Qur goal in ex- 
amining the latter is to compare the extent to which the radial portions of the 
various wave functions “penetrate to the nucleus,” which is the topic of the next 
section. 


Rodiol Penetrofion of the Wove Functions 


An electron in an atomic orbital that has appreciable electron density close to 
the nucleus is stabilized by close interaction with the positive charge of the nu- 
cleus, in the same way that the most stable Bohr orbit is the one with the small- 
est radius. One can evaluate the stability of an electron in various orbitals by 
comparing the radial electron density functions 4mrrˆ[R(r) ]Ÿ, as is done in Fig. 2- 
11. For any given value of the principal quantum number ø, it is the stype orbital 
that most has appreciable electron density close to the nucleus, followed in order 
by Ø-, đ-, and ƒ-type orbitals. The relative order of stability for the various orbital 
types is, then, s> ø> đ> ƒ and so on, for any one value of ø%. Thịs is the order- 
ing the orbitals are given in Fig. 2-10. It should be noted, though, from Eigs. 2-9 
and 2-10 that at crucial points there is a crossing of the øs and (œ — 1) ở energy 
levels. This will become important in wriing the electron configurations of 
the elements. 


Electron Configurdfions 


The electrons are assigned to an atom by placing them into the various atomic 
orbitals according to three rules: 


1. The aufbau prưmcible. The electron configurations are built up from the 
bottom, using the lowest energy orbitals first. 
2. Hưnd% rule. Where orbitals are available in degenerate sets, maxinum 


spin multiplicity is preserved; that 1s, electrons are not paired until each 
orbital in a degenerate set has been hal£filled. 
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Figure 2-10 The order in which the atomic orbitals are used in building up the elec- 
tron configurations of many-electron atoms. The orbitals are used in sequence, from 
the bottom, in accordance with the aufbau principle, Hund”s rule, and the Pauli excÌu- 
sion principle. 
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Figure 2-11 A comparison of the radial density distribution functions, 4#z?[R(?) ]Ÿ, showing 
the relative penetration Of various orbitals. 
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3. The Pauli exclusiơn princible. No two electrons may have the same set of 
four quantum numbers. Where two electrons occupy the same orbital, 
they must have ODppOSite spins: ,= +â for one electron and ?n,= —š for the 
second electron. Because the spin quantum number ø, can take only one 
Of two vaÌues, an orbital can house at most two eÌlectrons. 


If these rules, which we shall examine in more detail in Section 9-6, are followed, 
the electron configuration that is specified is the ground-state configuration. 
Other electron configurations are possible, but they represent excited state con- 
figuratons. A điscussion of the ground-state electron configurations of the ele- 
ments follows. The reader should refer to Fig. 2-12. 


Elements of Period One 
The following are electron configurations for the two elements of row one: 


H 1e 
He 1# 


EFor both atoms, the principal quantum number, ø, equals one. Row one of the 
periodic table is completed with the element He, because the only orbital (1s) in 
the first or Kshell (where ø= 1) becomes filled with two electrons. The electrons 
of subsequent atoms must begin using orbitals of the next shell, where ø = 2. 


Elements of Period 'Two 

The eight elements of this row make use of the four orbitals with principal 
quantum number ø = 2. The following are the ground-state electron configura- 
tions for the elemengs: 


Li 1 D22 

Be _Lo 

B 1592520' 
CC 195902 
N 122w 
@ “128212 
F 1s 2 GP 
Ne__ 1929329 


Notice that with the element boron, the 2ø orbitals begin to be used, eventually 
holding six electrons with the completion o£ the row at Ne. lt is the U shell that 
becomes filled at Ne. It is upon this neon core [Ne] that the electron configu- 
rations for the elements of row three are buiÏt. 


Elements of Period Three 
Beginning with sodium, orbitals with principal quantum number ø = 3 are 


used. 


Na [Ne]3s! 
Mg ˆ ` Rđe]3° 
AI [Ne]3‹23”' 
SI [Ne]3s?3/7 


P [Ne]3:s23”” 
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S [Ne]3:23/! 
C1 [Ne]3:?3/” 
Ar  [Ne]3s3ø° 


The row is completed with argon, where the three 3/ orbitals are filled with two 
electrons each. In fact, it is characteristic of all elements in Group VIIB(18) that 
they complete a row of the periodic table and have the filled outermost electron 
configuration ø/Ê. Notice also that in row two it was the element boron where 
the appropriate øø orbitals first were used. Here, In row three, this is true of the 
element aluminum. Both elements are in Group IIB(13) and have the outer- 
most electronic configuration that is characteristic of all elements of Group 
IIB(13): øø!. The 3đ atomic orbitals were not used for the electron configura- 
tỉons of the elements of row three. Notice also from Eig. 2-10 that the 3đ orbitals 
are not yet next in line to be used. The next orbital that is available 1s the 4s or- 
bital, and it is the ñrst to be used after the argon core [Ar] in writing the elec- 
tron configurations for elements of row four. The shell that is completed with 
the third-row element argon is the Ä shell. 


Elements of Period Four 
The fourth row of the periodic table begins with potassium, which has the 
characteristic outermost electron confguration of all elements in Group IA(1): 


n3}, 


K [Ar]4s! Sc [Ar]4s23đ'! 
Ca [Ar]4s? Tì [Ar]4s?3đ2 
Mm... 
Cr [Ar]4s`3đ” 
Ga [Ar]4s3đ°4p Mn  [Ar]4s3d” 
Ge [Ar] 4923394 Fe [Ar]4s°3đ°8 
As [Ar] 493394 Co [Ar]4s?3đ7 
Se [Ar] 4923340 Ni [Ar]4s°3đẺ 
Br [Ar] 49°3đ'°4p" Cu [Ar]4s!3đ!9 
Kr [Ar] 45233940 Zn . [Ar]4s23đ! 


The 4s orbital becomes fñilled at the element calcium, which has the outermost 
configuration typical o£ all elements in Group HIA(2): ?;°. The two portions o£ 
the main group elements are interrupted with the 10 elements scandium 
through zinc, where the previously unused 3đ orbitals become available. The se- 
ries of elements from scandium to zinc is 10 elements in length because the five 
đ orbitals, holding 2 electrons each, require 10 electrons to be filled. After zinc, 
the row 1s completed with 6 elements having outermost electron configurations 
fcaturing successive use of the three 4ø orbitals. 

The orderly pattern of filling of the đ orbitals seems to be interrupted at the 
elements chromium and copper. In these cases a 4s electron is “borrowed” in 
order to obtain either a halffilled đ orbital set (Cr) or a completely filled đ or- 
bital set (Cu). In each case, this leads to a greater stability because of the haÏl£ˆ 
ñlled or filled đ orbital set. The same anomaly takes place for Mo [also of Group 
VIA (6) ] and for the other elements of Group IB(11), Ag and Au. 


2-5 The Periodic Table 53 


Elements of Period Eive 

The elements of period five, beginning with rubidium and ending with 
xenon, follow the same pattern of electron configurations as that for the pre- 
ceding period four. The valence orbitals in question are now, in order of use, the 
5s, 4đ, and 5ø orbitals. The 5đ and the 4ƒorbital sets are not used at this time. As 
was true for chromium and copper in the first transition series, anomalies occur 
in the regular filling of the đ orbitals at the elements molybdenum and silver. 


Elements of Period Six 

Period six of the periodic table is composed of 32 elements from cesium 
(55) to radon (86). The 6s orbital ¡is filled at barium. The 5đ orbital set begins to 
be used with lanthanum, but the series is immediately interrupted by 14 ele- 
ments. In this serles of 14 elements, as well as in those immediately below them, 
the sevenfold degenerate ƒorbitals are used, two electrons eventually being dis- 
tributed into each orbit. Only then is the use of the đ orbitals resumed at 
hafnium. The row is ended with the usual ø-block elemengs, in this case thallium 
through radon. 

There is an Important reason why the øs orbital for any row ø 1s used before 
the (z— 1)đor the (z»— 2)ƒorbitals. The radial portion of the wave function for 
an sorbital is characteristically closer to the nucleus than đand ƒorbitals. Hence, 
the (z— 1) đ orbital is higher in energy than the øs orbital for certain elements 
(see Fig. 2-9). Consequently, the 3đ orbitals are not used in row three, but In row 
four of the periodic table. Similarly, it is not until row six that the 4ƒand the 5đ 
orbitals are used. 


Elements of Period Seven 

The elements of this period complete the periodic table. The shortlived el- 
ements 104-109 have now been đetected. The 7s-block elements francium and 
radium are followed by the second series of #block elements, for which the 5ƒ 
and 6đ orbital energies are similar. It is not necessary to be concerned with the 
exact arrangement of electrons in these ƒand đ orbitals because two or more di£ 
ferent configurations differ so little in energy that the exact configuraton ín the 
ground state of the free atom has little to do with the chemical properties of the 
element in its compounds. 


The Periodic Table 


More than a century ago chemists began to search for a tabular arrangement of 
the elements that would group together those with similar chemical propertles 
and also arrange them in some logical sequence. The sequcnce was generally the 
order of increasing atomic weights. As is well known, these efforts culminated in 
the type of periodic table devised by Mendeleev, in which the elements were 
arranged in horizontal rows with row lengths chosen so that like elements would 
form vertical columns. — 

It was Moseley who showed that the proper s€quenc© crifelon Waš not 
atomic weight but atomic number (although the two are only rarely out of reg- 
ister). It then followed that vertical columns contained chemically similar ele- 
ments, as well as clectronically similar atoms. All of Chapter 8 is devoted to a dis- 
cussion of the practical chemical aspects of the periodic table. Since we have Just 
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studied how the electron confgurations of atoms are buiÏt up, it is now apprG- 
priate to point out that these configurations lead logically to the same periodic 
arrangement that Mendeleev deduced from strictly chemical observations. 

The vertical columns of the periodic table on the inside of the front cover 
and elsewhere in this text are labeled in two fashions. First, we give a traditional 
column (or group) designation using Roman numerals I-VIH, with letters À or 
B. Second, and parenthetically, we give the newest group designations adopted 
by the International Union of Pure and Applied Chemistry: Arabic numerals, 
1-18. 

To build up a periodic table based on similarities in electron configuration, 
a convenient point of departure is to require all atoms with outer m2? config- 
urations to fall in a column. It is convenient to place this column at the extreme 
right, and to include also He (1#). This column thus contains those elements 
called the noble gases: He, Ne, Ar, Kr, Xe, Rn. l 

If the elements that have a single electron in the øs orbitals are placed in the 
Group IA(1) column at the extreme left of the table, the remaining pattern of 
the table is established. The elements of Group IA(1) are called the alkali met- 
als. The ionization enthalpies of the single s electrons in the valence shell of 
these elements is low, and the +1 cations of these elements are readily formed. 
The chemistry of these elements is mostly that of these +1 cations. Each of them 
is followed by one of the elements of Group IA(2), which have the characteris- 
tíc øs“° configuration. These elements (Be, Mg, Ca, Sr, Ba, and Ra) are called the 
alkaline earth metals, and characteristically form +2 catlons. 

Now, Ifwe return to the noble gas column and begin to work back from right 
to left, it is clear that we shall get columns of elements with outer eÌlectron con- 
figurations ø2n”, n°nÐ,..., n°nÐ'. The mỀn#” elements F, Cl, Br, I, and At are 
called the balogens (meaning salt formers). Those with the ø#z#” configura- 
tions are O, S, Se, Te, and Po; they are given the family name chalcogens. The 
other three columns, that is, øs2ø” (N, P, As, Sb, and Bi), ø#nw/° (C, Si, Ge, Sn, 
and Pb), and øs 2` (B, AI, Ga, In, and TI), have no commonly accepted trivial 
group names, although use of the term pnictogens for elements of Group 
VB(15) is on the increase. 

Thus far we have developed a rational arrangement for nearly one haÌlf o£ 
the elements. These elements, which involve outer shells consisting solely oỀ s 
and ø electrons, are called the main group elements. In particular, they are ei- 
ther the #block elements or the @-block elements. Most of the remaining ele- 
ments are called đblock elements. They occupy the central region of the peri- 
odic table, between the two main blocks. Their occurrence at this pOosition is due 
to the filling o£ the (œT— 1) đ orbitals. Their electron configurations have already 
been discussed. With the exception of Group IIB(12) (2n, Cd, and Hg), these 
elemenis are also called the transition elements. Their common characteristic is 
that either the neutral atom, or some important ion it forms, has an incomplete 
set Of ở electrons. The set of elements with incomplete 3đ shells is called the first 
transition series, and those with partial 4đ and 5đ shells are called the second 
and third transition series, respectiveÌy. 

The elements Zn, Cd, and Hg have unique properties. While they resemble 
the alkaline carths in giving no oxidation state higher than +2, they differ be- 
cause the configuration Immediately underlying their valence orbitals is a rather 
polarizable ø¿'” shell instead of a more tightly bound noble gas shell. Their 
chemistry wIll be taken up in Chapter 22. 
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Finally, the 14 elements between La and Hf, in which the 4ƒorbitals are being 
filled, are placed at the bottom of the table, to avoid making it excessively wide. 
These elements are called the lanthanides because of their chemical resemblance 
to lanthanum. A somewhat similar set of elements, called the acinides, have par- 
tially flled 5ƒorbitals. These elements are placed beneath the corresponding lan- 
thanides. These two series are collectively called the £block elements. 


Hunđ°s Rule, Electron Configurdtions, 
and Effective Nucleor Choarge 


Thus far, for atoms in which there are partly filled ?ÿoör đshells, the electron con- 
figurations have sinply been written ø” or đ”. However, it is possible, and impor- 
tant, to specify them in greater detail. For instance, for the configuration #, 
there are l5 distinct ways of assigning quantum numbers to the two electrons in 
the three degenerate orbitals. All of the corresponding orientations of the two 
electrons are available to the atom, but only one assignment is most stable. The 
ground states for the ø” configurattons are ïllustrated in Fig. 2-13. 

There are two important features of the pattern shown there: 


1. Within a set of degenerate orbitals (in this case the Øø„ Øø„ and ?,), the elec- 
trons make use of different orbitals so long as it is possible. 

2. Parallel spins (same value of ?) are used until the Pauli exclusion prin- 
ciple requires pairing of spins. 


The first of these features is partÏy a consequence of the charge of the electrons. 
The electrons can minimize the repulsive forces among themselves by occupying 
different ø orbitals. This is true because the ø orbitals occupy regions of space 
along different axes. Repulsive forces among the ø electrons are thus minimized 
when the electrons are distributed as far from one another as possible. The sec- 
ond feature arises because pairing of spins before it is required by the Pauli ex- 
clusion principle leads to a less stable arrangement. Consequently, we have 


Figure 2-Ï3  Application of the principle of maximum spin 
muldplicity in the filling o£ the degeneraf€ set of 2ø orbitals for 
the confñgurations 2Ø`~2/Ẻ. 
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Hund°s rule: The most stable electronic state (among several that are possible 
within a degenerate set of orbitals) is that state with maximum spin multiplicity: 
the one with the largest number of unpaired electron spins. This rule immedi- 
ately implies the spreading out of electrons into as much of the space surround- 
ing the nucleus as is possible. Hund”s rule also implies that this spreading out of 
electron density leads to extra stability not only for the individual electron at 
hand, but also for the ensemble of electrons that make up a multielectron atom. 
It is important to understand how this stability arises. Part of the explanation in- 
volves the concept of effective nuclear charge. 

An electron will occupy that orbital, of all those yet unoccupied on an atom, 
where the nucleus is most effective at offering positive charge to stabilize the 
electron. It was J. C. Slater who realized that the effective nuclear charge, Z*, 
which is felt by an electron, is not the actual charge Z of the nucleus of the atom. 
Rather, the amount of nuclear charge actually felt by an electron depends on the 
type of orbital in which the electron is housed, and on the ability of other elec- 
trons in more penetrating orbitals to screen (or shield) the electron in question 
from the nucleus. 

We have already pointed out that, among the orbitals having the same value 
of the principal quantum number, the s orbital is the most stable. Furthermore, 
any atomic orbital that places appreciable electron density between the nucleus 
and a second orbital is said to penetrate the region o£ space occupied by the sec- 
ond orbital. To the extent that this happens, the electron ¡is more stable in the 
more penetrating orbital. The relative extent to which the various orbitals pene- 
trate the electron clouds of other orbitals is s > ø > đ> ƒ> and so on. Thus, for 
any given principal quantum number ø, an electron will experience the greatest 
effective nuclear charge when housed in an s orbital, then a ø orbital, and so on. 
This ñnding was already cited as the reason for the order of orbital filling among 
the elements. But what of the atoms of the ø block of the periodic table, where 
the last electron is placed in every case into an orbital of the same type? Consider 
the elements of row two, beginning with B and proceeding to Ne. Here, with 
cach successive proton that is added in making the next element, there is added 
an electron into the 2ø orbitals. FEach new electron is added in accordance with 
Hunds rule. Also, each new electron experiences a new and different effective 
nuclear charge. At B the new electron ¡s added into one of the ? orbitals, say the 
ÿ„orbital. The new electron that is added for © must now go Into another of the 
2p orbitals, say the Øø„ But the ø, orbital is perpendicular to the Ø„ orbital, and the 
ÿ, orbital is poorly screened from the nuclear charge by the ?Ø, orbital. 
Consequently, the effective nuclear charge for the last electron in © is higher 
than that for B. It is the geometry and the orientation of the ø orbitals that makes 
them poor at shielding one another from the nucleus. Consider the next ele- 
ment, N, The third ø electron that is added to make this element is poorÌy 
screened from the growing nuclear charge because the other two ø electrons 
that are already there lie at 90° to this last one. Thus the effective nuclear charge 
for the differentiating electron of nitrogen is even higher. Where screening of 
an electron 1s poor, the effective nuclear charge is correspondingly high. Thus 
Hund's rule: Electrons spread out into a degenerate set of orbitals in order to 
experience this maximum effective nuclear charge. 

Thịs view is admittedly simplistic. There are other factors (such as the quan- 
tum mechanical exchange energy associated with a set of electrons with parallel 
spins) that inluence the energies of the various electron configurations. These 
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other issues need not detain us in the following limited discussion of shielding 
and effective nuclear charge. 


J-C. Slater proposed an empirical constant that represents the cumulative ex- 
tent to which the other electrons of an atom shield (or screen) any particular elec- 
tron from the nuclear charge. Thus Slater`s screening constant Ø is used in Eq. 2-6.1. 


Z*=Z-G (2-6.1) 


Here, Zis the atomic number of the atom, and hence is cqual to the actual num- 
ber of protons in the atom. The parameter Z* is the effective nuclear charge, 
which according to Eq. 2-6.1 is smaller than Z, since the electron in question is 
screened (shielded) from Z by an amount Ø. We found that in cases for whích 
screening 1s small, the effective nuclear charge Z* is large. Conversely, an elec- 
tron that is well shielded (large value for G in Eq. 2-6.) from the nuclear charge 
Zexperiences a small effective nuclear charge Z*. 

The value of Ø for any one electron in a given electron configuration (I.€., 
in the presence of the other electrons of the atom in question) is calculated 
using a set of empirical rules developed by Slater. According to these rules, the 
value of Ø for the electron in question 1s the cumulative total provided by the var- 
ious other electrons of the atom. The other electrons of the atom each add an 
intrinsically different contribution to the value of Ø as follows: 


Tƒ the clectrơn ?n question resides tn an s or Ð orial, 

1. All electrons in principal shells higher than the electron in question con- 
tribute zero to Ø. 

2. Each electron in the samc principal shell contributes 0.35 to Ø. 

3. Electrons in the (z— 1) shell each contribute 0.85 to Ø. 

4. Flectrons in deeper shells each contribute 1.00 to Ø. 


Tƒ the eleciron in question resides in a d or ƒ orbitai, 


1. All electrons in principal shells higher than the electron in question con- 
tribute zero to Ơ. 

2. Each electron in the same principal shell contributes 0.35 to Ø. 

3. AII inner-shell electrons [i.e., (ø— 1) and lower] uniformly contribute 
1.00 to Ø. 

To illustrate the application of these empirical rules, let us estimate the e£ 
fective nuclear charge for one of the outer electrons (a 2ø electron) of the fluo- 
rine atom, which has a conñguration of 13223?2/”. The inner shell 1 contributes 
92 x 0.85 = 1.70 to ơ. Each of the electrons with ø = 2 (other than the one under 
consideration) contributes 0.35. Therefore, we have 


ø=92x0.85+6x0.35 
= 1.70 + 2.10 = 3.80 


and 


Z*=9- 3.80 = 5.20 


Values of Z* for some other elements are 1isted in Table 2-3. 
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Table 2-3  Calculatuon of Fffective Nuclear Charge Z*, 
According to Slater”s Eq. 2-6.1. 


Tì Z G Z* 
1(H) 1 0 1.00 
(He) 2 0.35 1.65 
2 (Lì) 3 1.70 1.30 
(Be) 4 2.05 1.95 
(B) 5 2.40 2.60 
(C) 6 2.75 3.25 
(N) 7 3.10 3.90 
(O) 8 3.45 4.55 
(F) 9 3.80 5.20 
(NÑe) 10 4.15 5.85 


There are trends among the elements for the effective nuclear charge expe- 
rienced by the last or differentiating electron of an element. In the next section 
we will illustrate this more completely by comparing other physical properties of 
the elements. Still, it is useful to pause long enough to compare the values of Z* 
across a row. As is shown in Table 2-3, there is a steady increase (by 0.65 units) in 
Slater`s Z* across each row of the periodic table. 

Other trends in Z* are less meaningful. Also, values of Slater`s Z* become 
increasingly less reliable for the heavier elements, or in comparisons down a 
group of the periodic table. Modifications have been made, and more accurate 
cffective nuclear charges have been estimated for all of the elements. Regardless 
of the particular set of values for Z* that one adopts, the Important conclusion 
for our purposes 1s that the effective nuclear charge Increases continually from 
left to right across the rows of the periodic table, because of imperfect shielding. 


Periodic Trends in the Properiies of the Elements 


There 1s an overall harmony among the properties of the elements and their 
electronic structures. In fact, the periodic trends that we shall discuss can be 
traced in part to differences in the orbitals in which the electrons are housed. 
The concepts that are to be used in establishing this harmony obey the follow- 
¡ng hierarchy: 


1. The differentinterpenetrations of the atomic orbitals can be judged from 
an evaluation of the size of the orbitals, R(z)Ÿ, and the orientations of the 
orbitals, (9)2®(@)Ÿ. 

2. Because of these different penetrations and orientations of the atomic or- 
bitals, the orbitals are used in the sequence shown in Fig. 2-10. 

3. Because of these different penetrations and orientations of the atomic or- 
birals, the valence electrons of the atoms experience different effective 
nuclear charges, as Illustrated in Table 2-3. 

4. Properties such as first ionization enthalpy also follow trends that reflect 


the diferent electron configurations in any period or group of the peri- 
odic table. 
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lonizolion EntholDpy 


The periodic trends in first ionization enthalpies (A/,„) for the elements H to 
Rn are shown in Fig. 2-14. There are three major trends that merit comment. 
First, the maxima occur at the noble gases and the minima occur at the alkali 
metals. Thịs ñnding is easily understandable, since the closed-shell conñgura- 
tions of the noble gases are very stable and resist disruption, either to form 
chemical bonds or to become ion1zed. In the alkali metal atoms, there is an elec- 
tron outside the preceding noble gas configuration. This electron is well 
shielded from the attraction o£ the nucleus; it is therefore relativeÌy easy to re- 
moye. Ïn terms of effective nuclear charge, this comparison proceeds as follows. 
The outermost (2ø) electron of a neon atom experiences an effective nuclear 
charge of Z* = 5.85. On the other hand, the outermost (3s) electron ofa sodium 
atom experiences an effective nuclear charge of only 11 - (8 x 0.85 + 2x l) = 
2.20. Thus the relative values of Z* for Ne and Na correctly correspond to the 
relative values of their ionization enthalpies, 2080 and 496 kJ mol”, respectively. 

Second, from each alkali metal (zs” confiiguration—minima in EFig. 2-14) 
across a row of the periodic table to the next noble gas (closed-shell electron 
configuration—maxima in Fig. 2-14) there is an overall increase in ion1zatlon en- 
thalpies. The increase is not perfectly regular, as will be discussed shortly. 
Nevertheless, the trend is obvious; across any row of the periodic table there oc- 
curs an increase, generally, in the first ionizaton enthalpies. This trend con- 
forms to a similar pattern noted previously for effective nuclear charge. The e£ 
fective nuclear charge grows across a row because of the cumulative effects of 
imperfect shielding by orbitals of the same prinvipal quantum number. Äs the ef- 
fective nuclear charge increases, so does the energy necessary to ionize the atom. 

Third, the increase just discussed is not smooth. Instead, there are two well- 
defned jogs that occur at corresponding positdons in cach series, that is, from Lĩ 
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Figure 2-14 Periodic trends in the first ionizatior: enthalpies, AH..„. Values for the 
first ionization enthalpies of the elements are also listed in Appendix HB. 
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to Ne, from Na to Ar and, with some differences due to intervention of the tran- 
sition elements, in subsequent periods of the table. In each case, the ionization 
enthalpy drops from the 3° to the ø configuration and again from the s2” to the 
s2 configuration. The explanation becomes apparent if the facts are stated in a 
slightly different way, where the elements of the Li to Ne period are used as an 
example. The ionization enthalpies of B, Ö, and Ñ increase regularly but they are 
all lower than values that would be extrapolated from Li and Be. This occurs be- 
cause ø electrons are less penetrating than s electrons. These electrons are, 
therefore, more shielded and more easily removed than extrapoladon from the 
behavior of s electrons would predict. Again, the ionization enthalpies of O, F, 
and Ne increase regularly, but all are lower than would be expected by extrapo- 
lation from B, €, and N. This occurs because the 2ø shell is halffull at N, and 
cach of the additional 2ø electrons enters an orbital already singly occupied. 
These electrons are partly repelled by the electron already present in the same 
orbital, and are thus less tightÌy bound. 


Atomic Rodii 


It is necessary to distinguish among at least three different types of radii that 
might be listed for the elements. The single-bond covalent radius r..„ of an ele- 
ment represents the typical contribution by that element to the length oÊ a pre- 
dominantly covalent bond. Values for ?„„„ are estimated from the known lengths 
of covalent bonds involving any particular element, in the absence o£ multiple 
bonds. For instance, the covalent radius for fluorine is taken to be one half the 
internuclear distance in the homonuclear diatomic F;. Typical values for r„„„ are 
listed in Fig. 2-15, along with two other important types of radii, z„„ and za„. The 
values of van der Waals radii (z¿„) are obtained from the nonbonded distance 
of closest approach between atoms that are In contact with, but not bonded to, 
one another. The sum of the van der Waals radii of two atoms 1s thus the short- 
est distance we expect to find, in the structure o£a solid compound, between two 
Immediately adJacent atoms (either in the same or a different molecule or ion) 
that are not bonded to one another, nor otherwise constrained to be close. 

The values in Fig. 2-15 for the ionic radii 7,„ represent radii that are assigned 
to the various ions o£ the elements as they are found in predominantly ionic 
compounds. In particular, the values in Fig. 2-15 are those compiled by Shannon 
and Prewitt. These are the most wideÌy accepted values currently available. The 
values of Shannon and Prewitt for ?;¿„ are additive and internally consistent. 
Nevertheless, numerous assumptions were required to đerive ?;„„ values from in- 
teratomic data gathered on structures of ionic solids. First, it is obvious from the 
nature of the atomic orbital wave functions that no ion or atom has a single, pre- 
cisely defined radius. The only way that radii can be assigned to individual ions 
1s to determine how closely two ions actually approach one another in solid com- 
pounds, and then to assume that such a distance is cqual to the sum of the radii 
Of the two ions. Ít is then addidonally necessary to decide what portions of the 
interionic distance one should assign to the cation and the anion. This presents 
a dilemma, since the ionic radius of an element can be expected to debend on 
numerous other factors such as the oxidation state of the element, the number 
Of nearest neighbor atoms in the structure of the ionic compound, the arrange- 
ment o£ the lons in the solid, the identity of the other ions in the substance, and 
the degree of covalency In the substance. The particular values of ¿„„ that are 
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tabulated in Fig. 2-15 are those for a common oxidation state of the element 
(designated in parentheses) and were determined by using compounds for 
which the number of nearest neighbor ions (coordination number) of the par- 
ticular element is six. More complete lists Of 7¿„ values ar€ presented in 
Appendix HC and in tables as needed throughout the remainder of the text. We 
will have more to say on the subject in Section +5. 

Since van der Waals forces (or intermolecular forces) are generally weaker 
than intramolecular bonds, the value of z„a„ for an atom is aÌways larger than T„„. 
Thus the simple contact (nonbonded) distance between molecules in liquid or 
solid molecular substances is greater than the distance between atoms covalently 
bonded to one another. On the other hand, values of 7„.„„ are greater than 7;¿„ fOr 
cations because cations are formed by removal of electron(s) from the atom. 
Conversely, anions are larger than their parent atoms, since they are formed 
from the latter by addition of electrons. Before saying more about these radii, 
their sources, and their uses, let us consider the periodic trends in the var- 
1ous radii. 

Two trends in the values tabulated in Eig. 2-15 need to be mentioned. First, 
down any particular group of the periodic table, the radii of the elements in- 
crease by large amounts due to the successive use (with each new row) o£ orbitals 
having principal quantum number ø one higher than the last. For any group of 
the periodic table, the size of the atoms increases as the quantum number ø in- 
creases, or as one descends the group. The size of the atoms increases in spite Of 
increasing effective nuclear charge because o£ the greater importance of placing 
electrons into higher level shells. 

Second, across a row of the table, there is a progressive decrease in the size 
of the atoms within molecules (z„„), as well as a decrease in the volume re- 
quirement of atoms between molecules (z¿„). This decrease in size takes place 
in spite of the obvious fact that additional electrons become added with each 
new element! This demonstrates the importance of the imperfect shielding 
among the orbitals. As the effective nuclear charge grows across a row, the s1z€s 
of the atoms decrease. 


Electron Attachment Entholpies 


The enthalpy change AHgạ that accompanies addition ofan electron (s) provides 
a measure of the willingness of an atom to form anions. Where these enthaÌpy 
changes are negative, formation of the anion 1s favorable (exothermic). For ex- 


ample, the electron configuration of the halogens allows addition of an electron 
to form the uninegative ions. 


^Z) `6) “S%Xx) (2-7.1) 


Values for electron attachment enthalpies of the elements are listed in Appendix 
ID. 

Where positive values of AHa arise, an atom resists formation of the anion. 
In fact, for many elements, electron attachment enthalpies must be estimated be- 
cause the normal chemistry of an element might entail formation of cations 
rather than anions. The alkaline earth elements, for instance, have positive elec- 
tron attachment enthalpies, reflecting the tendency of these elements to form +9 
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catons rather than anions. The electron attachment enthalpies of the noble 
82s€s are similarly positive, reflecting the stability of the closed-shell configura- 
tions Of these elements. 

Where additon of a second electron is known to be common (1C TUIC 
chalcogens, which form dinegative anions, such as O®ˆ), the addition of the first 
electron is typically favorable. The addition of the second electron involves in- 
creasing electronic repulsions, making the overall process unfavorable from the 
standpoint of AH;u. Sdill, there is a rịch chemistry of the stable oxides and sul- 
fides, and so on, and more must be considered in assessing the stability of a par- 
ticular anion. These complexities, coupled with the dificulues in measuring 
electron attachment enthalpies, make a discussion of periodic trendđs in electron 
attachment enthalpies less straightforward. Our interest in them is in their con- 
tribution to he next topic: electronegativities. 


Electronegotivities 


Electronegativity (X) 1s an empirical measure of the tendency of an atom in a 
molecule to attract electrons. (Chi, y. 1s conventionally used for electronegativ- 
1ty, as well as for magnetic susceptibility.) It will, naturally, vary with the oxidation 
state of the atom, and for a number of reasons the numerical values that have 
been assigned should not be taken too literally. Ít is useful only as a semiquanti- 
tative notion. 

It should be stressed that electronegativity is not the same as the enthalpy of 
electron attachment A#;„, although the two are related. R.S. Mulliken has 
shown that reasonable values of, can be calculated from the average of the neg- 
ative of the electron attachment enthalpy (—-AHA) and the ionization enthalpy 
(AH..„). That is, electronegativities are determined in part by the tendency o£an 
atom to gain additional electron density and by its tendency to retain the elec- 
tron density it already has. A complete electronegativity scale cannot be estab- 
lished using this approach, however, because electron attachment enthalpies are 
not available for all of the elements. 

Alternative ways of computing electronegativities have been suggested. The 
first general method was proposed by Pauling. He suggested that if two atoms Â 
and B had the same electronegativity, the strength of the A—B bond would be 
cqual to the geometric mean of the A—A and B——B bond energies, since the elec- 
trons in the bond would be equally shared in purely covalent bonds in all three 
cases. He observed, however, that for the majority o£ A—B bonds the energy ex- 
ceeds that geometric average because, in general, two different atoms have di£- 
ferent electronegativities, and there is an Ionic contribution to the bond in addi- 
tion to the covalent one. He proposed that the “excess” A—B bond energies 
could be used as an empirical basis to determine electronegativity differences. 
For instance, the H—F bond energy is 566 kJ mol”, whereas the H—H and F—F 
bond energies are 436 and 158 kJ mol”, respectively. Their geometric mean is 
(158 x 436)1⁄3 = 262 kJ mol °. The difference A is 304 kJ mol". He then found 
that to get a consistent set Of electronegativities, so that XA — Xg = (Xc — Xe) — 
(Xe — Xa), and so on, the electronegativity differences would have to obey the 


equation 


j7 7ì (2-7.2) 
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Pauling originally assigned the most electronegative of the elements, fuorine, 
x= 4.00. From these data, we could calculate 


Xu = 4.00 — 0.102(304)1⁄ = 9,22 (2-7.3) 


Another method of calculating electronegativities is that of Allred and 
Rochow. It has the advantage of being more easily applied to a larger number o£ 
the elements. The rationale is that an atom will attract electron density in a 
chemical bond according to Coulomb's law (Chapter 1), as shown in Eq. 2-7.4 


* 
Force = “... (2-7.4) 
TƯ 6, 


where Z* is the effective nuclear charge, ¿is the charge of the electron, and 7is 
the mean radius of the electron, essentially z..v. Equation 2-7.4 is the basis for the 
empirically adjusted electronegativities, which are given by Eq. 2-7.5. 


AM 
x=0.359^—+0.744 (2-7.5) 
T 


The numerical constants were chosen to bring the range of values for elec- 
tronegativity into accord with those of Pauling. 

Values for the three different electronegativities are listed in Fig. 2-16. The 
variation of these values with position in the periodic table is reasonable. The 
atoms with the highest electronegativities are those with the smallest radii and 
the highest effective nuclear charges (e.g., F). The larger radii correspond to the 
lower electronegativities (e.g., Cs). 

A more recent scale of electronegativities has been developed by L. C. Allen 
for the representative (i.e., nontransitional) elements. Accordingly, the “spec- 
troscopic electronegativity” X„„«. is calculated as in Eq. 2-7.6 


mm€, +1€, ` 
X;pec Em (2-7.6) 


1+: 


where 7 and ø are the number of ø and s electrons, respectively, and e, and e, 
are the corresponding average one-electron ionization enthalpies (averaged 
over all multiplicities) o£an atom. Precise vaÌues of e, and e, can be determined 
using high-resolution spectroscopic đata for each element. Thus, electronegativ- 
ity 1s the average one-electron ionization enthalpy of all s and ø electrons in the 
valence shell of an atom. The resuling values of X„„. are given in Table 2-4. 
Comparison with the electronegativity values presented in Fig. 2-16 shows that 
Allen”s values are not substantially different from those of the others. The Allen 
method of calculating electronegativities 1s intuitively satisfying since the “ten- 
dency of an atom to attract electrons to itselfin a molecule” ought to be related 
to the average one-electron valence shell ionization enthalpy of an atom. 

AIlen also suggested that X.„„., as calculated in Eq. 2-7.6, constitutes the so- 
called “third dimension” of the periodic table. This finding is depicted in Fig. 2- 
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Table 2-4 The Allen Electronegativities X.„..,Determined by Using Eq. 2-7.6. The 
Values of Pauling xp and of Allred and Rochow Xa ø ạ 3F€ Listed for Comparison 


Ni): y7... - -—_———_—....e= 


Atom X:;pec XP XAxR 
H 2.300 2.20 2.20 
Lì 0.912 0.98 0.97 
Be 1.576 1.57 1.47 
B 2.051 2.04 2.01 
C 2.544 2.55 2.50 
N 3.066 3.04 3.07 
'Ô) 3.610 3.44 3.50 
là 4.193 3.98 4.10 
Ne 4.787 
Na 0.869 0.93 1.01 
Mg 1.293 12011 1:95 
AI 1.613 1.61 1.47 
Sĩ 1.916 1.90 1.74 
T 2.253 2.19 2.06 
S 2.589 2.58 2.44 
C1 2.869 3.16 2.83 
Ar 3.242 
K 0.734 0.82 0.91 
Ca 1.034 1.00 1.04 
Ga 1.756 1.81 1.82 
Gc 1.994 2.01 2.02 
As 3.211 2.18 2.20 
Se 2.424 2109 2.48 
Br 2.685 2.96 ` 3.74 
Kr 2.966 
Rb 0.706 0.82 0.89 
Sr 0.963 0.95 0.99 
In 1.656 1.78 1.49 
Šn 1.824 1.96 1.75 
Sb 1.984 2.05 1.82 
Te 2.158 2.10. - 2.01 
I 2.359 2.66 2.21 
Xe 2.582 


17, where the value o£X,„.. 1s plotted in the vertical dimension of the otherwise 
traditonal periodic table for the s- and ø-block elements. This very useful result 
ø1ves us an elegant and new visual perspective o an Important atomic property. 
For instance, Fig. 2-17 shows that metalloids fall between elements having low 
values of X,p„. (metals) and those having high values of X„„.. (nonmetals). The 
periodic trends in electronegativity along a horizontal row and down a particu- 
lar group of the periodic table are also evident in Fig. 2-17. The substantial re- 
sistance fo Ionlzation o£ the noble gas elements ¡is well explained by their rela- 
tively high X;„;«c values (see Fig. 2-17). One drawback to the Allen 
electronegativities is that Eq. 2-7.6 cannot readily be applied to the calculation 
of the electronegativity of a transition element. 
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Figure 2-l17 Values of the spectroscopic elec- 
tronegativity (X,p..; As determined using Eq. 2-7.6) 
as a function of the position of an element in the 
periodic table. The elements of the metalloid band 
are designated with cross hatching. [Reprinted with 
permission from L. Ö. AlIlen, J. Am. Chem. Soc, 11], 
9003-9014 (1989). Copyright © (1989) American 
Chemical Society. | 


Mognetic Properiies of Atoms and lons 


Any atom, ion, or molecule that has one or more unpaired electrons 1S Đđrđ1mag- 
nefic. Thìs means that it, or any material in which it is found, will be attracted into 
a magnetic field. In cases where paramagnetic atoms or 1Ons are very cÌose to- 
gether they interact cooperatively, and other, more or less intense and more 
complicated forms of magnetism, ferromagnetism, and antiferromagnetism (n 
particular) are observed. These forms are not discussed here, but see Chapter 
39. Substances that do not contain unpaired electrons (with certain exceptions 
that need not concern us here) are đ¿zwzgnefic. Thís means they are weakly re- 
pelled by a magnetic field. Thus, the measurement of paramagnetism affords a 
powerful tool for detecting the presence and nnumber of unpaired electrons in 


chemical elements and compounds. _ 
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The full power of magnetic measurements comes from the fact that the mag- 
nitude of the 2gnefic susc¿pfibiliiy, which is a measure of the force exerted by the 
magnetic field on a unit mass of the specimen, is related to the number of un- 
paIred electrons present per unit weight—and hence, per mole. 

Actually, the paramagnetism of a substance containing unpaired electrons 
receives a contribution from the orbital motion of the unpaired electrons as well 
as from their spins. However, there are important cas€s where the spin contri- 
bution is so predominant that measured susceptibility values can be interpreted 
in terms of how many unpaired electrons are present. This correlation is best ex- 
pressed by using a quantity called the zagnefic mømzni, \ụ, whích may be calcu- 
lated from the measured susceptibility per mole Xụ. Ít is best to use XW"”, where 
a correction has been applied to the measured X„ to allow for the diamagnetic 
effect, which is always present, and which may be estimated from measurements 
on similar substances that lack the atom or ion that has the unpaired electrons. 


Curie's Law 


It was shown by Pierre Curie that for most paramagnetic substances, the mag- 
netic susceptibility varies inversely with absolute temperature. In other words, 
the product Xự” X T'is a constant, called the Curie constant for the substance. 
From the theory of electric and magnetic polarization it can be shown that, 1Ý the 
paramagnetic susceptibility is due to the presence of individual, independent 
paramagnetic atoms or ions within the substance, each with a magnetic dipole 
moment, Iu, the following equation holds truc: 


u=92.84|+©" (2-8.1) 


Clearly, this expression incorporates Curie`s law. 

Now, from the quantum theory for atoms (and ions) It can also be shown 
that the magnetic moment due entirely to the spins of ø unpaired electrons on 
the atom or ion is given by 


u=94S(S+1) (2-8.2) 


where § equals the sum of the spins of all the unpaired electrons (i.e., ø Xi). 
From Eq. 2-8.2, it can easily be calculated that for one to fve unpaired electrons 
the magnetic moments should be those shown 1n Table 2-5. The unit for atomic 
magnetic moments Is the Bohr magneton (BM). 


Table 2-5 Spin-Only Magnetic Moments (in BM) 


Number of Unpaired 
Electrons (?) Sâ u(BM) 
1 Ề 1.73 
2 1 2.835 
3 Ỷ 3.87 
4 l 4.90 
5 Ỹ 5.92 


“The total spin quantum number SŠ= ø X š. 
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To ñllustrate the application of these ideas, consider copper(I) sulfate, 
CuSO, - Šš H;O. From the magnetic susceptibility the magnetic moment is found 
to be 1.95 BM. This value is only a litle higher than the calculated value 
for one unpaired electron, and the discrepancy can be attributed to the con- 
tribution made by orbital motion of the electron. Thus the magnetic properties 
of CuSO, - 5 H;O are in accord with the presence of a Cu?' ion that should 
have a [Ar]3đ° configuration with one unpaired electron. For COomparison, 
MnSO, - 4 H;O has a magnetic moment of 5.86 BM, which is approximately the 
number expected for a Mn”" ion with the electron configuration [Ar]34. 


STUDY GUIDE 


Scope and Purpose 


Thịs chapter covers fundamental principles of atomic structure, wave mechanics 
for atoms, and the periodic table. These topics are important in subsequent dis- 
Cussions of structure, bonding, and reactivity. Additional help with these impor- 
tant topics is available in the works listed under Supplementary Reading. The 
student should master the material sufficiently to be able to give ready answers 
to the Study Questions listed under “A. Review.” More demanding exercises are 
listed under “B. Additional Exercises.” 


Study Quesftions 
A. Review 


1. The emission lines of the hydrogen atom come in related sets. What is the form of 
the equations for these sets? An equation of this type is named for whom? 

2. What were the two bold postulates made by Bohr that allowed him to derive an equa- 
tion for the energies of the electron in a hydrogen atom? 

3. Write and explain the meaning of the equation relating the energy and frequency of 
radiation. What is the constant in it called? 

4. What does the term Bohr radius mean? 

5. Whatis de Broglie's equation for the wavelength associated with a moving particle of 
mass and velocity ø? What physical effect first showed directly that the wave char- 
acter of the electron realÌy exists? 

6. State the relationship between the Bohr orbit with ø= 1 and the wave mechanical or- 
bital with ø= 1 for the hydrogen atom. 

7. Specify the set of quantum numbers used to describe an orbital and state what values 
of cach are possible. 

8. State the quantum numbers for each of the following orbitals: 1s, 2s, 2ø, 4đ, 4ƒ 

9. Draw diagrams of each of the following orbitals: 1s, 2ø„ 2#Ø„ 2Ø, 3đ,2 3d, 3d,„ 3d, „ 
34,2_„, 

10. State the Pauli exclusion principle in the form relevant to atomic structure. Show 
how ït leads to the conclusion that in a given principal shell there can be only two s, 
Sỉx Ø, ten đ, and fourteen ƒelectrons. 

11. What does the term penetration mean, and why is it important in understanding the rel 
ative energies of the s, ø, đ, and ƒelectrons with the same principal quantun number? 

12. Deñne each of the following: alkali metals; alkaline earth metals; halogens; noble 
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13. 


14. 


l5. 


16. 


17. 


18. 


19. 


gases; main group elements; d-block elements; block elements; lanthanides; transi- 
tion elements. 

What is Hund's ñrst rule? Show how it is used to specify in detail the electron con- 
figurations of the elements from Li to Ne. 

Why is the first ionization enthalpy of the oxygen atom lower than that of the nitro- 
gen atom? 

How is the magnetic moment of a substance containing an ion with unpaired elec- 
trons (e.g., CuSO, : 5 HO) related to its magnetic susceptibility at various tempera- 
tures if the substance follows Curie”s law? 

How is the magnetic moment k related to the number of unpaired electrons if the 
magnetism is due solely to the electron spins? Calculate w for an ion with three un- 
paired electrons. 

R. S. Mulliken showed that electronegativity is related to both AHgạ and AHi.a. What 
1s the relatonship he gave? 

What are the particular physical properties on which each of the following elec- 
tronegativity scales is based? 

(a) Pauling”s Xp 

(b) Allred and Rochow”s Xa œ R 

(c) Allen's X„,. 

Make a list of the factors that can influence the ionic radius, ?;,„„, of an element. 


B. Additionol Exercises 


1. 


10. 


11. 


The He" ion is a one-electron system similar to hydrogen, except that Z= 2. Calculate 
the wavenumbers (in cm”) for the first and last lines in each of the three spectro- 
SCOpiC series corresponding to those discussed for the hydrogen atom. 

The first ionization enthalpy for Li is 520 kJ mol”. This value corresponds to com- 
plete removal of the electron from the nucleus, and is achieved when ø = œ. From 
this value, calculate the effective charge felt by the 2s electron of Lì. Why is this less 
than the actual charge of +3? 


. _Á consistent set of Na h2~ that may be used in de Broglies sH 2-2.1 is: À in cm, mass 


in g, velocity in cm s” ', and b (Planck's constant) in g cm s” (or crg s). What 1s the 
wavelength in cm and in Ả of (a) an electron traveling at 108 cm s””, a velocity typi- 
cal in the electron microscope? (b) a baseball or cricket ball i0 
Assume that mass equals 2.00 x 10 g. 

Consider the ground-state electron configurations BE the atoms with the following 
atomic numbers: 7, 20, 26, 32, 37, 41, 85, 96. Calculate the total spin quantum num- 
ber S for cach, as well as is magnetic moment in Bohr magnetons. 

As noted for Elg. 2-1, there are three series of lines in the emission spectrum for hy- 
drogen. Calculate the position of the series limit for each. 


Explain the trend in the ionization enthalpies illustrated in Fig. 2-14 for the noble 
Ø2seS. 


I£ the wavelength of an electron is 6.0 Ả, what is its velocity (œ= 9.1 x IU} => g8)? 


Prepare a graph of the effective nuclear charge Z* versus Z using the data of Table 
2-3. Explain any trends. 


se Eq. 2-7.5 and values for X and r,„„ found elsewhere in the chapter to estimate Z* 
for elements 19, 20, 31, and 32. Explain the trends. 

Explain the diferences between the functions R(?), R(2)*, and r?[R()], using, for 
example, the 1s orbital for hydrogen. 


Prepare dot density patterns similar to that of Eig. 2-3 for the following orbitals: 2ø,„ 
3s, and 3đ... Both shape and the function ??[R() ] [Fig. 2-7()] must be considered. 
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12. Use the Bohr theory to calculate the following values for the one-electron helium ion 
(He”) for which Z= 9. 
(a) The first, second, and third orbit radii. 
(b) The second ionizaton enthalpy of helium (¡.e., AH.„ for He"). 
(c) The energy of the electron in the first, second, and third orbits. 

13. Based on experimentally determined magnetic susceptibilities at 20 °C, the magnetic 
moments for the following substances have been calculated. 


MnSO, - 4 H;O H.:y= 5.85 BM 
CuSO, - 5 H;O t.:r= 1.94 BM 
(NH,);Fe(SO,); - 6 HạO H„œ = 5.50 BM 
[Cr(NH;)s] (NO); t.= 3.69 BM 
[Cu(NH;:)„]SO, - 3 HạO Ít z;—= 27711 lê3Nj I 
[Co(NH;)¿]C1; H.ry= —0.01 BM 


Use these data to deduce the number of unpaired electrons on the transition metal 
1ons in these substances. 
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STIRUCTURE AND BONDING 
IN MOLECULES 


Introduction 


Modern techniques, such as X-ray crystallography and spectroscopy, have made 
1t possIble for us to determine the structures of molecules and complex ions with 
8reat accuracy. Às information about structure has Increased, so has our under- 
standing of bonding. The more powerful bonding theories have allowed us to 
make detailed predictions and comparisons regarding not only structure, but 
also spectroscopy, reactivity, and so on. The simpler bonding theories, although 
known to be incomplete and only partially accurate, have still been useful be- 
cause of the lessons that they have provided about electronic structures in mol- 
ecules. This is especially true of the localized bonding theories, which will be dis- 
cussed shortly. Later in this chapter, we shall develop more sophisticated, 
delocalized bonding theorles. 

The material of the previous chapter (Chapter 2) is Important here, because 
the electrons (and the orbitals in which they are housed) are the focus of any dis- 
cussion of bonding. We shall show how orbitals interact to provide new locations 
for the electrons within molecules, and we shall be concerned with how this 
leads to the bonding of atoms in molecules and complex ions. Once we have es 
tablished the types of orbital interactions that generally take place within mole- 
cules and complex ions, we shall have also gained insight into matters 0Ý struc- 
ture, spectroscopy, and reactivity. To organize the subject, three main types of 
bonding-are considered: 


1. Covalent bonding between atom pairs (two-center bond§). 
2, Delocalized (multicenter) covalent bonding. 


3. lonic bonding. 


The first two types of bonding are discussed in this chapter, while ionic bonding 
and related topIcs are considered in Chapter 4. In addition, a few special forms 
of bonding are discussed elsewhere, such as metallic bonding (Section 8-6), the 
hydrogen bond (Section 9-3), and hgand fñield theory (Chapter 23). 

There is surely no bonding that is iiterally and completely zøc but, for prac- 
tical purposes, a great many compounds can be treated to a reasonable approx- 
imation as if the attractive forces were just the electrostatic attractions between 
ions of opposite charge. The treatment of these substances, for example, NaGl, 
MgO, NiBr;, and the like, takes a different form from that used for covalent 
bonding, where electron sharing between atoms 1s considered the dominant fac- 
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tor. Therefore, it is appropriate to discuss covalent bonding (this chapter) sepa- 
rately from ionic bonding (Chapter 4). 

The student, while studying the material in Section 3-2, should keep in mnd 
that three separate theories are presented somewhat simultaneously. These the- 
ories are the Lewis electron-pair bond theory, the hybridizatdon theory, and the 
valence shell electron-pair repulsion (VSEPR) theory. Although there 1s a satIs- 
fying correspondence among the three theories, cach COnstitutes a separate ap- 
proach and addresses a distinctly different aspect of the localized bond problem. 
Since each of these theories has advantages, as welÏ as limitations, we must learn 
to move readily from one theory to the next, depending on which bonding or 
structural features we seek to explain. 


The Locolized Bond Approoch 


The simplest view of bonding in any molecule or complex ion is (1) the electrons 
that are involved in bonding remain localized between pairs of atoms, and (2) 
the bonding in the whole structure ¡is the sum of the individual bonds between 
pairs of atoms. The approach is useful because of its simplicity and because it is 
easy to represent in molecular diagrams. In fact, the Lewis concept of a localized 
electron-pair bond is so much a part of the modern vernacular that it would be 
difficult to imagine working without ít. As we shall see, however, the Idea that 
electrons always remain localized between atom pairs has important limitatlons. 


Lewis Concepts 


It was the American chemist, G. N. Lewis, who first recognized that bonding be- 
tween atoms involves the sharing of electrons. According to the Lewis definition, 
one covalent bond between two atoms results from the sharing of a palr of elec- 
trons between the atoms. Such a pair of bonding electrons is considered to be lo- 
calized or fixed between the two atoms, and the bond is represented by a line 
connecting the atoms. Electrons that are not shared between atoms are localized 
as lone-pair electrons on one or another atom(s) within a molecule. The elec- 
tronic structure of the entire molecule is represented by the sum of all of the 
bonding pairs and the lone pairs of electrons. Based on these concepts, it is Dos- 
sible to represent the electronic structure of a molecule in diagramatic form. 
Such representations are called Lewis điagrams. Some chemical intuidon is 
needed in drawing the Lewis diagram for a molecule or ion. The Lewis diagram 
for a molecule or ion rebresents an approximate arrangement of atoms and the 
location of all valence electrons within the structure. The familiar result can, 
with experience, be quickly written down for any of a number of classes of sub- 
stances. The utility of this approach 1s obvious. 

Once the Lewis diagram has been correctly written for a substance, the Lewis 
approach can be extended with the use of hybridization theory, and with the 
VSEPR theory, to account for subtle aspects of geometry. These three concepts 
(i.e., the Lewis diagram, hybridization, and VSEPR theory) in unison become ex- 
traordinarily powerful as an approach to structure and bonding. Eventually, 
however, the concepts fail because of the limitations of viewing the electrons in 
a stricdy localized way. Resonance can be added to the paradigm, but this repre- 
sents only a temporary (although historically important) “ñx.” This localized ap- 
proach to bonding is useful because of its simplicity. 
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Lewis Diagrams 

When drawing a Lewis diagram for a molecule or complex lon, only the va- 
lence electrons of the atoms are used. The Lewis diagram is complete when the 
atoms have been connected properly and the valence electrons have been dis- 
tributed within the structure as cither bonding or lone electron pairs. It may be 
nccessary to look up the actual structure or to make an educated guess about the 
placement of atoms within the molecule or complex ion. Some chemical intu- 
ition goes a long way here, and a little experience is required. Under most cir- 
cumstances, a simple and symmetrical geometry is correct. Atoms that are 
present only once within a substance tend to reside at the center of the structure. 
Metals tend to be central atoms. Oxygen is commonly, and hydrogen is nearly al- 
ways, peripheral. Once the positions of the atoms have been set down, the dis 
tribution of electrons into the điagram is considered. In simple cases, the valence 
electrons are arranged so as to give an octet of electrons to each nonhydrogen 
atom, although exceptions are common, especially for atoms from rows three 
and below of the periodic table. Some examples follow. 

EFor many substances the number ofvalence electrons is just sufficient to pro- 
vide an octet for each nonhydrogen atom. These are saturated systems, and the 
Lewis diagrams can be written using single bonds exclusively. Examples are CH¿, 
NH:, H;O, and HF. 


H 


| _ : È 
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Unsaturated substances are those where the number of valence electrons 
that are available within a molecule or complex ion is not sufficient to allow the 
Lewis diagram to be written using single bonds only. Then, the use of multiple 
bonds between selected atoms is required to complete the octet for each atom 
in the structure. As examples containing a double bond, consider NOs, acetone, 


or SO;. 
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A triple bond (or two double bonds) is necessary when there 1s extensive unsat- 
uration, as in CO; or thiocyanáte ion. 


O=c=d  [š-GC=N|] 


In each of these last examples, unsaturation requires the use of multiple bonds 
in order to maintain an octet of electrons for each atom, without using more 
than the number of valence electrons that are actually available. 

For some electron deficient molecules, all of the available valence electrons 
are used before an octet is achieved for cach nonhydrogen atom. The Lewls dia- 
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grams are written so as to reflect this electron deficiency, although more com- 
plete molecular orbital approaches give a better description of electron deficlent 
molecules. The molecules that feature this electron deficiency usually involve 
the elements boron, beryllium, or sometimes aluminum. An example is BeH;. 


H—Be—H 


Unsaturated systems are different from electron deficient ones. In the for- 
mer, an octet is achieved through multiple bonding. In the latter case, the Lewis 
diagram is properly written with less than an octet of electrons for certain atoms. 

For molecules or ions involving atoms beyond row two of the periodic table, 
the octet rule does not necessarily apply. These larger atoms may acquire Immore 
than an octet of electrons. This is called valence shell expansion, and it is made 
possible by the availability of valence level đ orbitals on these atoms. Examples 
include PCI;, BrF;, and XeF¿. 
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In a preliminary fashion, we might also mention the coordination com- 
pounds, which feature a central metal atom bonded to other groups. The groups 
that are bonded to the central metal atom are called ligands. Examples of coor- 
đination compounds are Ni(CO)„¿, [Co(NH,)¿]?*, and Pt(NH;);Cl;. The Lewis 
điagrams for simple coordination compounds o£ the transiion metals may be 
written without taking into consideration the presence of the (z— l) đ electrons 
of the metal. The bonds are considered to be coordinate covalent bonds in 
which both electrons of the metal-ligand bond are supplied by the ligand. The 
ligands are considered to be simply Lewis bases (electron-pair donors), and the 
metal centers are considered to be Lewis acids (electron-pair acceptors). The 
octet rule does not apply. Instead, the ligands add enough electrons to those of 
the metal to bring the total for the metal to that of the next noble gas: 18 valence 
electrons in all. Hence, the octet rule is replaced by the 18-electron rule because 
of the additional 10 electrons of the đ orbitals in any transition series. Some ex- 
amples of coordination compounds that obey the 18-electron rule are Ni(CO)„ 
and [Co(NH;)¿]Ÿ'. 


l 
ự % NH, 3+ 
N NH; 
mm. < 
H,N NH 
C “ œ 
ÌÌ 
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In each case the metal electrons are not listed in the Lewis điagram, but they are 
counted towards the 18-electron total. Note also that many transition metal com- 
pounds have other than the closed-shell, 18-electron total, and they are still per- 
fectly stable. We shall have more to say about this in later chapters. For now it is 
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Figure 3-Ì Resonancc forms. 


interesting to note that the octet rule finds only limited application, being re- 
placed by the 18-electron rule when considering the coordination compounds 
formed by metals. 


Resonœnce 


In many of the previously written Lewis diagrams, it would have been possible to 
have arranged the electrons about the ñxed nuclei in diferent (but cach per- 
fectly proper) ways. In fact, the Lewis descripdon of the bonding in a molecule is 
not complete undil all contributing possibilides have been written down. The 
overall result ¡is delocalization of electrons within the structure through the recog- 
nition that other Lewis diagrams may be equally valid. This is resonance, and ït is 
equivalent to the molecular orbital concept of delocalization. Figure 3-]l shows 
contributing resonance forms for the molecules and ions that were discussed pre- 
viously. 

Let us consider in detail the planar AB; systems such as BE;, NO;, and 6c)... 
Tfwe try to write a diagram for such a molecule or lon, ¡in which each atom acquires 
an octet of electrons, we obtain Structure 3'I. 
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This representation implies that there are two A—-B single bonds and one A=B 
double bond, whereas experimental data show conclusively that all A—B bonds 
and all B—A—B angles are equal. To bring theory and experiment into accord, 
the former is modified by the postulate that Structure 3-l alone does not de- 
scribe the actual molecule but is only one of three equivalent, hypothetical struc- 
tures, 3-I to 3-HI. The real molecule has an electron distributdon corresponding 
to the average of these three contributing structures, and 1s said to be a 72§0n.nce 
hybnid of them. The double-headed arrow 1s used to indicate that the structures 
are mixing to give a resonance hybrid. 


':š tB: :B, 
| | Ụ 
A “c—> ,.\ <—> 
Độ So `... `. 
5. TH _” .B. TD, B: 
3I 311 3II 


Care is required to avoid misinterpretation of the resonance concept. Ất no 
instant does the molecule actually have any one of the canonical structures. Each 
of these implies that one bond is stronger, and thus presumably is shorter than 
the other two, whereas all three bonds are always entirely equivalent. The canon- 
ical structures have no real existence, in any way or sense, but their averag€ COT- 
responds to the actual structure. 

The concept of resonance can be justified from an energy point of view. Ït 
can be shown that a resonance hybrid must have a lower energy, that 1s, be more 
stable, than any single contributing structure. This concept explains why the 
molecule exists in the hybrid structure rather than any one of the contributing 
Sfructures. 

One particular type oÝ resonance requires special mention, namely, ?02c—co- 
0alznt resonance. We pointed out 1n Section 2-7 that a bond between unlike atoms 
(A—B) ¡is always more or less stronger than the average of the A—A and B—B 
bond strengths. Thịis was used for calculating electronegativity differences, on 
the basis that an ionic or polar contribution to the bond made ït stronger than 
the purely covalent bond alone. Actually, the situation is a litle đifferent, be- 
Caus€ it Is resonance rather than simnple additivity that Pauling invoked to ac- 
count for the extra bond energy. 

EfA 1s more electronegative than B, the A—B bond can be represented by a 
resonance hybrid of Structures 3-IVa and 3-IVb. 


A=B«< —:A 
3-IVa 3-IVb 


As we explained, the actual A——B bond will then (1) combine the properties of 
both contributing structures, and (2) be more stable than either one alone. 
Thus, the actual A—B bond wIll be polar to an extent depending on how much 
Structure 3-IVb contributes to the average structure. The increased strength o£ 
the bond, when compared with the strength expected for a purely covalent 
bond, wIll be proportional to the square of the electronegativity difference, since 


that diference determines the Importance o£ Structure 3-IVb compared with 
Structure 3-IVa. 
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When the Lewis diagram for a molecule or complex ion has been written 
correctly, one has accounted for all of the atoms and valence electrons of the 
structure. However, more needs to be known about the bonding In these struc- 
tures. Ifan electron-pair bond involves sharing of electrons between atoms, then 
how 1s this sharing accomplished? Which orbitals are involved on the two atoms, 
and which orbitals in the molecule? Why does the sharing of the electrons in a 
bond lead to stability? What geometry should one assign to the molecule overall, 
and what particular bond angles and lengths result? Obviously, a wide variety of 
bond angles occur, not just the 90° angle at which the atomic ø orbitals are dis- 
posed on any one atom. It quickly becomes apparent that atomic orbitals must 
be modified in such a way as to allow for the correct angles in molecules. Just as 
was true for atoms, orbitals must be provided for each electron, whether it is a 
member o£a lone païr or a bonding pair. These orbitals (and the lone and bond- 
¡ng palrs that they house) must be arranged about each atom in the correct ori- 
entatlons, namely, those that are in agreement with geometry. An approach pow- 
erful enough to allow geometry to be predicted is what we seek. 

In the localized bond approach, the answers to the questions just posed are 
obtained by employing either the hybridization or the VSEPR theory. 
Hybridization allows for the “construction” o£ new orbitals on atoms, so that the 
bonding in a molecule is made to be consistent with its known geometry. On the 
other hand, without any consideration of the orbitals involved in bonding, the 
VSEPR theory allows the best geometry for a molecule or polyatomic Ion to be 
predicted. We begin with hybridization in which it is assumed that bonding 
arises because of the overlap of orbitals (a concept that will be reinforced with 
molecular orbital theory) and that the proper set o£ orbitals for any atom in the 
structure can be deduced by knowing the number of groups (atoms plus lone 
pairs) which occupy the space around that particular atom. Let us begin the dis 
cussion with the simplest case: linear BeH;. 


Hybridizotion 


In BeH;, for example, it is perfectly satisfactory, for nearly any purpose, to con- 
sider that there is one electron pair localized between each adjacent pair of 
atoms. Thus, we have the simple, familiar representation, H:Be:H. An electron- 
pair bond of the type indicated can be thought of as arising from the overlap of 
two orbitals, one from each of the atoms bonded, with the electrons concen- 
trated in the region of overlap between the atoms. In the case of BeH;, which is 
linear, this raises the question of how to account for the linearity. In answering 
that question, two new concepts, the valence state and hybridization, are Intro- 
duced. 

The beryllium atom has the electron configuration 152. Thus its valence 
shell has only one occupied orbital and the electrons are paired. Ôn the other 
hang, if it is to form two bonds by sharing one electron with cach of two other 
atoms, it must Ññrst be put into a state where cach electron is in a different or- 
bital, and each spin is uncoupled from the other and, thus, 1s ready to be paired 
with the spin of an electron on the atom tO which the bond ïs to be formed. 
When the atom is in this condition, it is said to be in a valence state. 

For the particular case of BeH;, the valence stat€ of ]owest energy 1s obtained 
by promoting one o£ the electrons from the 2s orbital to one of the 2ø orbitals, 
and decoupling their spins. This process requires the expenditure of about 323 


kJ mol". 
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Figure 3-2 The formation of two equivalent sø hybrid orbitals from linear combina- 
tions of a 2s and a 2ø, atomic orbital. The dots on the z axis represent the position of 
the atom on which the hybrid is constructed. The two orientations of the hybrids (180 
with respect to one another) result from the different sign used in the two linear combi- 
nations. 


Although the promotion o£ the Be atom to the valence state prepares it tO 
form two bonds to the H atoms, it does not provide an explanation or a reason 
why the molecule should be linear, rather than bent. The 2s orbital of Be has the 
same amplitude in all đirectons. Therefore, whichever of the 2ø orbitals is used 
to form one Be—H bongd, the other bond ¡in which the 2s orbital is used could 
make any angle with it, insofar as overlap of the H 1s and Be 2s orbitals 1s con- 
cerned. However, the preference for a linear structure can be attributed to the 
fact that ifa 2s and 2ø orbital are mixed so as to form two zy;ở (¡.e., mixed) or- 
bitals, better total overlap with the H 1s orbitals can be obtained. "The results of 
mixing the 2s and 2ø, orbitals are shown 1n Flg. 3-2. 

Each of the hybrid orbitals has a large positive lobe concentrated in a par- 
ticular direction and ¡s, therefore, able to overlap very strongly with an orbital on 
another atom located at an approprlate distance in that direction. Actual caÌcu- 
latons show that the extent of overlap thus obtained ¡s greater than that obtain- 


H, S^~Dz 


s+D; 


Figure 3-3 The formation of covalent bonds in BeH; by 
overlap of sø hybrid orbitals on Be with 1s atomic orbitals on H. 
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able by using either a pure 2s or pure 2ø, orbital. This overlap is not difficult to 
see without calculation, if we note that one haÌf of the ?, orbital 1s found in the 
+z direction and one haÏlf is in the -z direction. The 2s orbital is uniformly dis 
tributed in all directions. The hybrid orbitals, however, are each stronglÌy con- 
centrated in Just one direction. 

The linearity of the BeH; molecule suggests the use of the hybrid orbitals. 
Figure 3-2 shows that the sø hybrids are oriented in the +z and —z directions be- 
cause o£ the spatial properties of the s and ø orbitals themselves. The best Be to 
H overlaps are then obtained by placing the H atoms along the +z and —z axes 
(Fig. 3-3). The correctness of s hybridization for Be is afirmed by the known 
linearity of the molecule; the best geometry is the one that disperses the two 
bonding pairs as far from one another as possible: 180°. 

The hybrid orbitals just described are called s hybrids, to indicate that they 
are formed from one s orbital and from one ø orbital. There are also other ways 
of mixing s and ø orbitals to obtain hybrid orbitals. The element boron forms 
many compounds, among which are the simple B%; substances that aptly illus- 
trate the next Important case of hybridization. 

The boron atom has a ground-state electron confguration 1s?2:?2ø. To form 
three bonds it must first be promoted to a valence state based on a configuration 
2320,2Ø„ in which the three valence electrons have decoupled their spins. The 


Figure 3-4 The formation of three equivalent s” hybrid orbitals. 
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choice of 2ø„ and 2ø, is arbitrary; any two 2ø orbitals would be satisfactory. The 
ability of the central atom to form three bonds is now taken care of, but the ques- 
tion of securing maximum overlap must be dealt with. Again, it develops straight- 
forwardly that by mixing the s and the two Z orbitals equally, hybnd orbitals, 
called s#ˆ hybrids, can be formed. These hybrids give superior overlap in certain 
definite directions, as is shown in Fig. 3-4. The three hybrid orbitals lie in the xy 
plane, and their maxima lie along the lines that are 120” apart. Thus, the BX; 
molecules have a planar, triangular structure. 

The next type of hybridization that we shall discuss is the last one in which 
only sand øorbitals are involved. Let us consider how the carbon atom combines 
with four hydrogen atoms to form methane. Again, promotion from a ground 
state (19:22), which does not have a sufficient number of unpaired electrons, 
to the valence state (2s2ø,2?,2Ø,) is required first. Then, the four orbitals of the 
valence state are mixed to give a set of four equivalent orbitals, each of which is 
called an s#Ÿ hybrid, as shown in Eig. 3-5. The hybrid orbitals of the sỹ” set are di- 
rected towards the vertices of a tetrahedron. Note that this geometry arises €x- 
clusively and directly from the algebra of hybridization. The geometry also hap- 
pens to be that which most disperses the four C—H bonding pairs of electrons 
as far from one another as is possible. 

In summary, an atom that has only s and ? orbitals in its valence shell can 
form three types of hybrid orbitals, dđepending on the number of electrons avail- 
able to form bonds: 


s hybrids give a linear molecule 
sỹ” hybrids give a plane triangular molecule 
sỹ” hybrids give a tetrahedral molecule 


When đ orbitals as well as s and ø orbitals are available, the following impor- 
tant sets of hybrids, each ïillustrated in Fïg. 3-6, can arise. 


1. đ?s”, Ociahedral hybridizatiơn. When the đ¿_z and d2 orbitals are combined 
with an s orbital and a set of Z,, ø,, and ø, orbitals, a set of equivalent or- 
bitals with lobes directed to the vertices of an octahedron can be formed. 


109°28' 


Figure 3-5 - The formation of four equivalent s` hybrid orbitals. A tetrahedron is đe- 
fined by the four alternate corners of a cube to which the four hybrid orbitals are directed. 
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Figure 36  Five important hybridization schemes involving đ 
orbitals. Arrows show the direction in which the hybrid orbitals 
point within cach different set. 


2. dg?, Square bÌanar hybridization. A đ¿_ orbital, an s orbital, and ø,„ and ø, 
orbitals can be combined to give a set of equivalent hybrid orbitals with 
lobes directed to the corners of a square in the xy plane. 

3. sd3, Tetrahedral hybridizaon. An s orbital and the set d.„ đ,„ đ,„ may be 
combined to give a tetrahedrally directed set of orbitals. 

4. ds#”, Thigonal bijpyranudal hybridization. The orbitals s, Đ„ Đ„ Đ„ and đ› may 
be combined to give a nonequivalent set o£ ñve hybrid orbitals directed 
to the vertices of a trigonal bipyramid. 

5. de”, Square byramidal hybnidizaizon. The orbitals s, ø„ Ø„ ÿ„ and đ.z_„ may 
be combined to give a nonequivalent set o£ fve hybrid orbitals directed 
to the vertices of a square pyramid. 


The use of hybridized orbitals to explain bonding and correlate structures 
has become less common in recent years, giving way to the more general use of 
molecular orbital (MO) theory. The main reasons for this are that the MO ap- 
proach lends itself more readily to quantitative calculations employing digital 
computers and because, with such calculations, It is possible to account for mol- 
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ecular spectra more easily. Nevertheless, the concept of hybrid orbitals retains 
certain advantages of simplicity and, in many instanc€s, affords a very easy way tO 
correlate and “explain” molecular structures. 


Volence Shell Electron-Pdir Repulsion (VSEPR) Theory 


There is a very natural correlation between the orientation of the bonds (va- 
lences) to an atom and the spatial requirements o£ the bonding and nonbond- 
ing (lone-pair) electrons that reside at, and hence occupy the space surround- 
ing, that atom. Electron pairs, whether in bonds to other atoms or ¡in lone-paIr 
orbitals on the atom in question, will tend to stay as far apart from one another 
as possible, to minimize repulsions among the various pairs. Thus the geometry 
at any atom in a molecule or polyatomic ion is dictated by the need of each elec- 
tron pair to have as great a distance as possible separating it from other electron 
pairs residing on that atom. The electron pairs residing on an atom thus repel 
each other. Furthermore, it is assumed that lone-pair to lone-pair repulsions are 
most severe, followed by lone-pair to bonding-palr repulsions, and that bonding- 
pair to bonding-pair repulsions are the least significant o£ the three. This ¡s sen- 
sible, since bonding pairs of electrons are confined to the relatively smaller space 
between nuclei, where they are constrained by interaction with two nuclel, 
whereas lone pairs of electrons fall under the attractive influence oŸ only a sin- 
gle nucleus. Lone pairs are thus considered to require more room in the space 
immediately surrounding an atom than bonding pairs, and they are more re- 
pulsive towards other electron pairs residing on an atom than are bonding pairs. 
The angles between the various valences at an atom are then said to become ad- 
justed so as to minimize the repulsions among the valence shell electron pairs. 
Additionally, ít is found that the repulsive influence on adjacent electron pairs 
from electrons in a multiple bond 1s larger than that from the electron palr ofa 
single bond. Thịs difference obviously arises from the greater electron density 
that resides along the bond axis when multiple bonding is present. Finally, in 
geometries for wbich there 1s a difference between axial and equatorial positons 
on a polyhedron (namely, the trigonal bipyramid to be discussed shortly), the 
cquatorial positions are favored by lone electron pairs over the axial positions. 
This broadly constitutes the approach of VSEPRs, as developed principally by 
R. J. Gilespie. 

First, before applying VSEPR arguments to explain the geometries of mole- 
cules and polyatomic lons, It will be convenient to define a quantity known as the 
“occupancy.” Second, once we know how many groups (whether atoms or lone 
pAairs) are needed to “occupy” the space around an atom, then we can deduce 
the best prototype geometrical arrangement of those groups. Finally, starding 
with the prototype geometry, we can analyze electron-pair rebulsions to explain 
small deviations in angles from those of the prototype. 

For accounting purposes, it is convenient to define a quantity known as the 
OCccupancy for an atom. For structures AB,E, (where A ¡s the central atom), x1s 
the number of other atoms B bound to A, and 1s the number of lone electron 
patrs E residing on atom A. The sum (x + y) is what we shall call, for want of a 
better word, the occupancy of atom A. The space surrounding atom A is said to 
be occu#d by (x + y) other atoms or lone pairs. The occupancy of N in :NH; is 
four, for example. The occupancy for an atom is defined so that it is indepen- 
dent of the presence of multiple bonds; whether atoms B are singly or multiply 


3-2. The Locdlized Bond Approdch 85 


Table 3Ï] The Separate Correspondence between Occupancy (x+ +) and Either 
Prototype Geometry or Hybridization of the Central Atom (A) in the Structures AB,E,“ 


Occupancy Prototype 

(x+y) Geometry Hybridization 

Two Linear S§ 

Three Triangular s 

Four 'Tetrahedral sỹ”, sdẺ 
Square (planar) dsự 

Five Square pyramidal ds?” 
Trigonal bipyramidal dsỹ' 

Six Octahedral d®s` 


“he “central” atom (i.e., the one for which geometry is being considered) is designated atom A. 
Other atoms bonded to A are designated “B,” whereas lone pairs of electrons on atom A are desig- 
nated “E.” 


bonded to atom A, each B still occupies only one positdon in the space sur- 
rounding atom A. 

Table 3-1 lists the occupancies (atoms plus lone pairs) and the correspond- 
ing geometrles that best minimize electron-pair repulsions for each situation. 
Those hybridizations of the central atom that separately give a particular geom- 
etry are also listed in Table 3-1, although it should be remembered that VSEPR 
theory should be applied without reference to hybridization. (Ít is only conve- 
nient to list the two together in Table 3-I because of the close correspondence 
in result that is often seen when applying the two theories.) Figure 3-7 shows the 
prototype shapes for the variots molecules AB,E,. For the formulas AB;, AB, 
AB„, AB;, and AB¿, in which there are no lone pairs, the molecular shapes are 
regular polyhedra: linear (AB,), trigonal planar (AB;), tetrahedral (AB,), trigo- 
nal bipyramidal (AB;), and octahedral (AB¿). Subgroups o£ these regular 
geometries are obtained for formulas with lone pairs E at the central atom. 
Although the positions of the lone pairs are specified, the geometry of the mol- 
ecules is defined by the positions of the atoms A and B only. Thus, for the for- 
mula AB;E, the four s#` hybrid orbitals of atom A are arranged roughly in the 
shape of a tetrahedron, but the molecule is said to be pyramidal. The following 
are specifc examples of each structural type. The student should refer to Figs. 
3-8 to 3-12. 


Examples 


In the following examples, the three localized bonding theories just mentioned 
have been applied in roughly the following fashion. Eirst determine the proper 
Lewis điagram for the molecule or polyatomic ion. These diagrams are g1ven in 
Figs. 3-8 to 3-12. Next, having determined the occupancy value for the atom of 
interest, deduce the atom's hybridization. Multiple bonds are then invoked in 
electronically unsaturated systems, using unhybridized ø or đ orbitals. Also, once 
occupancy has been determined, a prototype geometry can be chosen, and 
VSEPR theory can be used to explain deviations from the prototype. Although 
only the salient steps in this type of analysis are given in the examples that fol- 
low, the student is encouraged to work out all of the details for cach example, 
starting with the Lewis diagram, and arriving eventually at a hybridization, a de- 
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Figure 3-7 - Idcalizcd geometries for structures having the formulas AB,E,, 


where A 1s a central 
atom, B are peripheral atoms, and E are lone pairs residing on A. : 


scription o£ the multiple bonds, and VSEPR adjustments of the prototybpe geome- 
tries. 


AB; 


BeẴH,. Thịs molecule has been discussed previously. Ít only remains to point 


out that the unhybridized ? orbitals on Be are perpendicular to the molecular 
axis as welÏ as to one another. 


AB, 


1.H—Be—H ⁄ HBcH = 180° 
2. O=C=QO s hybridized C 
⁄ OCO = 180° 
3.[N=N=N]” - øhybridized centralN 
⁄ NNN = 180” 
ABE 
1.:C=O: sø hybridized € and O 
' .=  t 


Figure 3-8 Examples of sø hybridization in 
structures AB,E,, where occupancy (x+ y) = 2. 


AB, ABE, 
HA 7G hà TN . $0” hybridized O 
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sø* hybridized N 
| ⁄ ONO = 115° 
Ñ 
2 va 
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Figure 3-9  Examplcs of sý” hybridization in structurcs AB,E„„ where oc- 
cupancy (+ y) = 3. 
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T 
AB, N sp hybridized N 
HC Ụ CH„ CNG=109 
H; 
AB,E : nó. sø* hybridized P 
H,C dì CH, ⁄ CPC =99° 
AB,E, 'Ơ' sø° hybridized O 


H“R `" ⁄HOH=10% 


ABFE;  [HạC—O]"  sý°hybridiedO 
(although see text) 


Figure 3-10 Examples of s/” hybridization in 
structures AB,E„, where occupancy (x+ 3) = 4. 


CO;. The central carbon is s9 hybridized, as shown in Fig. 3-8, and the mol- 
ecule is linear. The unhybridized ø orbitals of carbon are involved in 7 bonding 
with the atomic ø orbitals of oxygen, as shown in Fig. 3-13. The two 7 bond sys- 
tems are perpendicular to one another because the unhybridized atomic ÿ or- 
bitals of carbon are oriented 90° to one another. The 7 bonds each involve two 
regions of overlap (above and below the O—C—O bond axis). The G bond sys- 
tem involves overlap of sø hybrids on carbon with s” hybrids on oxygen. The Ø 
bond system lies along the internuclear axis of the molecule, while the # bond 
system has a node along the internuclear axis. The azide anion ÑNs is completely 
analogous to CO;. 


ABE 

CO. Carbon monoxide contains a triple bond: one ơ and two mutually per- 
pendicular  bonds. There is a lone pair o£ electrons on each atom, housed in 
an s# hybrid. The -bond system is illustrated in Fig. 3-13. It is s2 hybridization 
that leaves two r atomic orbitals available on both © and O for the formation of 
these  bonds. Other examples that are isostructural (have the same structures) 


and isoelectronic (have the same electron configurations) are the ions CN and 
NO". 


For both systems described (namely, cases AB; and ABE) the atoms or lone 
palrs that occupy the space about an atom are disposed 180° from one another. 
This occurs because only two groups must be accommodated at the atom in 
question, that is, occupancy [the quantity (x + y) in the cases AB,E,] is two. 
Linear geometry and s hybridization always result under these circumstances. 
Other examples include alkynes (—CS&C—), nitriles (R—C==N:), isonitriles 
(R—N=SGC.), metal carbonyls (M—C=EO:), and cyanate (:iN=C—O-). 


AB; 
CO7. The 3 hybridization of carbon in the carbonate ion allows for the use 
of one unhybridized ø atomic orbital on carbon in the formation of one r bond. 
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AC c. 
¬.- 
AB; TÔ, dsø° hybridized P 
| CC ⁄ CIPCI = 120° ïn the 


equatorlal plane 


AB,E sÍ CC) 103°  đsø” hybridized S 
AB; :F+~CỈ: dsø” hybridized Cl 
AB,E; nh dspŠ hybridized I 
AB; |:F—Xẻ 


AB,E¿ :Xe: 


Figure 3-11 Examples of đ” hybridization in struc- 
tures AB,E,, where occupancy (x+ ) = 5. 


As shown for each resonance form in Fïg. 3-9,  bonding can take place between 
the central carbon and any one of the three equivalent oxygen atoms. Three res- 
onance forms are required to show this delocalization of the one r bond. For 
any one resonance form, the  bond is iIlustrated in Fig. 3-13. The lon has trig- 
onal planar geometry; the oxygen atoms are dispersed 120” with respect to one 
another in order to minimize repulsions among the electrons of the C—O 
bonds. This geometry is typical of other structures (€-8., BE; and SO;) having oc- 
cupancies of three for the central atoms. In the examples that follow, however, 
because of the presence oflone pairs E, or nonequivalent substituents B, the per- 
fect 120° angles are not observed. 


Carbơnyls. For organic carbonyls (RạC==O), or Íor the acyls [R(X)C==O] 
and the formyls [H;ạC==O, X,C=O, and M——C(H)=O (a metal formyl) ], the 
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AB, St đ d°spŠ hybridized S 


AB,E Bí. dspŠ hybridized Br 


AB,E Ũ đ°sp° hybridized I 
= _ ÿ` ny 

IẾ  t 

Figure 3-12 Examples of đ?sỹ” hybridization in 

structures AB,E,, where occupancy (x + y) = Õ. 


—=—=== TP .. ....DDDỤỦDỤDpD . 


X62 962000-2 2-2-2 GÓ) 


Figure 3-13 Examples of the formation of7t bonds via overlap of unhybridized (atomic) ø or- 
bitals. 
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carbon atoms can be taken to be s#Ÿ hybridized, with OCcupancy equal to three. 
The groups that are bound to the central carbon are nonequivalent, and the ide- 
allzed geometry o£ 120° is altered due to repulsions among the bonding electrons 
at carbon. Consider the formyls H;C==O and X;„C—O shown in Structures 3-V, 


¡ty 'Ơ" Y8y 
| | | 
1169 IHiỆ? 108° 
3-Va 3-Vb 3-Vc 


The electrons of the C=O double bond require the greatest room in these struc- 
tures. Consequently, the HCH and XCX bond angles collapse from the normal 
120° for s#” hybridization to those values listed in Structures 3-V, Repulsions 
from the C=O double-bond system become balanced by repulsions between the 
electrons o£ the two C—H or C—X bonds, and the resulting angles reflect the 
willingness of the electrons of the C—H or the C—X groups to approach one 
another in either H;C==O or X;C=O. Obviously, the more electronegative 
groups X allow for a closer approach to one another by the C—X bonds, This 
Occurs because the electron density in the C—X bonds is farther out towards the 
X extremities of the C—X bond (and collapse of the XCX bond angle is less 
troublesome) for atoms X with the higher electronegativities. 


AB,E 

NO¿. The nitrite anion is planar, and 3Ÿ hybridization is consistent with the 
Occupancy of three for the central nitrogen atom. One +r bond 1s present in each 
Of the contributing resonance forms. As shown in Eig. 3-13, this -bond system lies 
above and below the plane of the ion, and is perpendicular to it. Although the 
central nitrogen is sŸ hybridized, the ONO angle is not a perfect 120° because 
of the larger volume requirement of the lone-pair electrons. The bonding elec- 
tron pairs move closer to one another in response to repulsion from the lone palr 
of nitrogen. The larger lone-pair-bonding-pair repulsion 1s balanced by the less 
intense bonding-pair-bonding-pair interaction once the ONO angle has col- 
lapsed from the idealized 120° to the actual 115 found in the ion. This result is 
shown ïn Structure 3-VIa. Removal of one electron from the nitrite anion gives 
the neufral radical NO;, shown in Structure 3-VIb. Here the ONO angle opens to 
the value 132° because only a lone electron, not a païr, is housed on the nitrogen. 
Now the most severe repulsion is between the electrons of the NO bonds, and the 
ONO angle can become larger without encountering restrictions from a full lone 
pair of electrons on nitrogen. For the caton NO”; the central nitrogen has occu- 
pancy equal to two and, as shown in Structure 3-VIc, the geometry 1s linear. 


Ñ Œ Ñ 
ly] 5s [easl 


là — 3 
1159 132° 
3-VIa 3-VIb 3-VIc 


ABE; | 
Simple examples in this category include O; and NO. Otherwise, we ”. 
` 


look to terminal atoms for more exampÌes. 
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Ít is not necessary to specify a hybridization for terminal atoms. Whatever 
the bonding scheme, the geometry is linear by deũnition. The presence of lone 
pairs can be inferred from the Lewis diagrams, and the presence of single or 
multiple bonds can be inferred from the length of the bond. There are terminal 
atoms, though, where it is instructive to examine the hybridization. Such a case 
is the terminal oxygen of a carbonyl group ïn aldehydes or ketones. The occu- 
pancy formula for such an oxygen atom is ABE;, and a double bond to C 1s typ- 
ical. The hybridization of such an oxygen is said to be s”, and two of these hy- 
brid orbitals are used to house the two lone pairs on oxygen. The other sỹ” 
hybrid forms a Ø bond to carbon by overlap with an s” hybrid from carbon. The 
Ø bond to carbon and the two lone pairs of oxygen lie in a plane. The 7 bond 1s 
perpendicular to this plane, above and below it. Ít 1s not necessary Or pFOD€T tO 
speak of the geometry at such a terminal atom, because it lies on the periphery 
of the molecule. It is helpful, though, to realize that the method of determining 
occupancy gives a hybridization that is consistent with the number of # bonds to 
the atom. 


AB, 

In addition to the many organic compounds having s;” hybridized carbon, 
there are important AB„ examples among inorganic systems where the occu- 
pancy is also four. The best examples are the tetraoxides of the main group ele- 
ments (general formula AOZ) and the tetracoordinated compounds of the tran- 
siion metals that contain a central metal and four ligands [e.g., Ni(CO)„]. The 
geometry for main group atoms A is always tetrahedral. When A 1s a transition 
metal, the ligands can be arranged either in tetrahedral fashion (s° hybridiza- 
tion) or in square planar fashion (đs/° hybridization), as shown in Flg. 3-7 and 
in Table 3-1. It is the number of đ electrons that determines which o£ these two 
geometries is preferred, although the đ electrons are not considered in wridng 
the Lewis diagram. More will be said about this in subsequent chapters. For now, 
we shall restrict our attention to the oxy anions AO/” and the transiton metal 
systems MLZ”. 


AO7~. The familiar ions phosphate (POï), sulfate (SO2), and perchlorate 
(C1O42) are isostructural and isoelectronic. The central atom is tetrahedrally sur- 
rounded by four oxygen atoms and an octet is achieved for all atoms in the ions 
when single bonds are used exclusively. As already shown for SOï ïn Fig. 3-1, 
there can be additional  bonding that increases the electron density at the cen- 
tral atom. This # bonding involves the use of empty đ orbitals on the central 
atom, as shown in Fig. 3-14. Former lone-pair electrons of oxygen are shared with 
the central atom through đ#-?w overlap. This requires a rehybridization of the 
terminal oxygen atoms from s#” (A—O groups) to s#ˆ° (A=O groups). The ter- 
minal oxygen atoms are said to be 7 donors and the central atom A is said to be 
a  acceptor. The double-bond system is most evident when the central atom has 
the highest electronegativity (e.g., CO4). For elements of rows three and below 
of the periodic table đ-Øf bonding is prominent because of the presence of va- 
lence-level đ orbitals on these atoms. For rows one and two of the periodic table, 
the đorbitals are not found in the valence levels. These orbitals are consequentÌy 
too hiph in energy to be of use in bonding. 

The availability of empty đ orbitals also plays a role in the chemistries of 
third-row compounds, as illustrated by two examples with this same structure, 
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‹à 5, ợ 
. 5 Figure 3-14 An exampie of dt-#t bonding. An 
ị empty đ orbital on a central atom accepts elec- 
tron density from a filled ø orbital of another 


aftom. 


AB,. Both CCI1¿ and the corresponding third-row compound of silicon (SiCL) 
are tetrahedral, with s2 hybridized central atoms. The carbon analog 1s stable to- 
wards attack by sinple nucleophiles, such as water, while the Sĩ compound is not. 
The empty ở orbitals in the valence shell of Si provide the needed site for nu- 
cleophilic attack, and the larger size of the central Si atom facilitates the hydrol- 
ysis shown in Reaction 3-2.1. 


SiCL, + 4 ROH ——> Si(OR)„ + 4 HCI (3-2.1) 


One could add the silicates SiOƒ” and the tetrahedral XeO,, which complete 
the isoelectronic series of tetraoxides of row three, to the discussion of structures 
ABu. It is more common, though, for silicate structures to occur in polymeric 
form (as discussed in Chapter 1ð) rather than as discrete anions. Xenon tetraox- 
ide 1s an explosively unstable gas. 


MI?`. Transition metal compounds that are four coordinate may adopt ei- 
ther tetrahedral or square planar geometry, depending on the number of đ elec- 
trons that reside at the metal. Square planar geometry is common for đỞ systems, 
such as In Structures 3-VIIa and 3-VIIb. 


-"]2- 


N ⁄ rất: n= 
là đc jGÌi GI 

D ấa : 

Ni PtI 

C ` R91] Cl 

⁄ N “ 
.N 
3-VIIa 3-VIIb 


Tetrahedral geometry is found for đ'° systems as in Structures 3-VIIa and 
3-VIHb. 
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AB,E 

Of The structures with occupancy four and one lone pair, the mosf familiar are 
the amines (:NRạ), the phosphines (:PR;), the arsines (:AsRạ), and the stbines 
(:SbRs). All are pyramidal, and can serve as Lewis bases by reason of the one lone 
pair on the central atom. In fact, these compounds serve as useful ligands for co- 
ordination to metals. The halides (e.g., :NX;) should also be considered here. 

As a class, the molecules may be taken to have sý” hybridized central atoms 
and roughly pyramidal molecular geometries. The lone pair of electrons causes 
deviations from the ideal 109.5° angles expected for perfect sø” hybrid sets. The 
HAH angle is smallest in the molecules :AH; where the central atom A ¡is the 
largest. 


Ñ P Ảs Sb 
⁄4` 1Š . “ N¡ 
HẪH HụjH HỊ„ụịH Hữ 
⁄ HNH = 1079 ⁄ HPH =94° ⁄ HAsH =92° ⁄ HSbH =91° 
3IXa 3-IXb 3IXc 3Ixd 


The XAX angle is smallest in the molecules :AX; where the atoms X are most 
electronegative. 


N P P 
HH 1` 21C ` 
CÍ éạ CŨ FpF CÍ cị CI FẸE 
DAT(GÌN GHI 10/° ⁄ FNEF = 1029 70IIPGIẾ IUU)” ⁄ _EPF = 989 
3-Xa 3-Xb 3Xc 3xd 


Presumably, the A—X bonding electrons are polarized towards the electronega- 
tỉve atoms X, so that a decrease of the XAX angle is less troublesome where X is 
more electronegative. 

The angles noted in Structures 3-Xa to 3-Xd may indicate that the choice of 
sỹ” hybridization is inappropriate for some of the examples given. After all, angles 
close to 90° may indicate, if anything, a lack of hybridization for the central atoms 
Sb and As. The fully delocalized MO treatment, which is presented later in this 
chapter, offers a more satisfactory explanation of the bonding in such systems. 


This familiar case includes the dihydrides of Group VIB(16): H;O, H;S, 
H;Se, and H;Te, as shown in Structures 3-XIa to 3-XId. 


l®) nà "Se' Te 
Vưáng 25 2l Z0 
H- >H H- >H H- ¬H H«- >H 
1042 nh, 919 909 
3-XIa 3XIb 3-XIc 3-xId 


The two lone pairs provide the most severe repulsions, and the space that they 
require in order to minimize this repulsion is achieved by a decrease in the HAH 
angle. This result is most readily accomplished for the larger central atoms Se 
and Te. In the latter cases it is inappropriate to consider that the central atom is 


simply s#` hybridized. Other cases where this AB,E¿ structure arises include the 
alcohols (ROH]) and ethers (ROR). 
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ABEH; 

Ít is unnecessary and inappropriate to assign a hybridization for a “central” 
atom, such as A, in the case ABE¿. It is neither possible nor necessary to know the 
positons of the lone electron pairs. It is certain that the electron paIrs are as Ífar 
from one another as is possIble, but It is a matter of theory, not fact, to speculate 
about the orbital arrangement for those electrons. (In contrast, it is possible to 
Speak with certainty about the positions ofatoms.) Nevertheless, we have 8roWn aC- 
Customed to speaking of the oxygen ofalkoxides (RO”) as being s# hybridized, for 
Instance, because this does provide maximum room for each of the three lone 
PAlrs of oxygen. It also correctly accounts for the single remaining bond to carbon 
in the octet oŸ oxygen. One must examine the energy of the entire ion (including 
three electron pairs somewhat localized on the oxygen and a bonding pair some- 
what localized between the carbon and the oxygen) before deciding If the best 
bond between oxygen and carbon is provided by overlap of two s#” hybrid orbitals. 
In short, a more delocalized bonding theory may prove better. 


AB, 

This case begins the series in Fig. 3-11 in which the occupancy at a central 
atom 1s five. Where no lone-pair electrons reside at the central atom [PC], 
Fe(CO);, or CuCl‡"], the geometry is a perfect trigonal bipyramid. As illustrated 
in Structure 3-XI: 


the two axial posidons in this polyhedron are not equivalent to the three equa- 
torial posidons. The axial groups are positloned above and below the triangular 
plane, while the three equatorial groups are positioned in the triangular plane. 
As shown in Figs. 3-6 and 3-7, there is one form of đs#` hybridization that gives 
this orbital arrangement. 

An occupancy of five is also accommodated by square pyramidal geometry 
and the other type of đs” hybridization. In thịs case, however, it is the đz_„z Or- 
bital that is required, as shown in Fig. 3-6. An interesting example of this geo- 
metrical diference is given by the compounds studied by R. R. Holmes, and 
shown in Structures 3-XIIa and 3-XIHIb. 
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The Sỉ atom of Structure 3-XIIIa is at the center of a square pyramid, while that 
of Structure 3-XIIIb is trigonal bipyramidal. 


AB„E 

SE, has the structure given in Fig. 3-11. This structure is derived from that of 
the trigonal bipyramid, with the lone electron pair of S occupying an equatorial 
position. This structure is preferred because there is a close (~90°) Interaction 
between this lone pair and only two axial bonding pairs. The other bonding 
pairs are at a relatively distant 128”. Had the lone electron pair of S been put into 
an axial positon, there would have been three close 90° interactions with bond- 
ing pairs in the equatorial posidons. This structur€ would clearly be less stable. 


AB,E; 

CIE; has the distorted planar T shape shown in Eig. 3-11. The axial FCIE 
angle is not 180° because the two equatorial lone pairs push the two axial Ñuo- 
rines back from their formal positions. The lon [XeF;]” ¡s T shaped. 


AB,E; 

The ICls ion is linear. Axial placement of the two chlorines allows the three 
lone pairs of I to be accommodated in the relatively “roomy” equatorial plane. 
Similarly, xenon đifluoride is a linear molecule with three equatorial lone pAaIrs 
at the central xenon atom. The only other possible geometry for such a systemn 
with an occupancy of fve would be to place the two fluorine atoms adjacent to 
one another, giving a bent geometry. This latter case is less favored because it 
would result in one lone pair having two 90° interactions with other lone palrs. 
The existing structure is one in which each lone pair suffers only two cÏose ïn- 
teractions (120°) with other equatorial lone palrs. 


ABe 

Einally, we consider the cases with occupancies of six and đ”s#” hybridization. 
The AB; system is represented by a host of transiion metal compounds with oc- 
tahedral or pseudooctahedral geometries. Further examples wïll be given in the 
following chapters. Silicon hexafluoride (SFs) is a good example of a main 
group nonmetal compound with octahedral geometry. 


AB;E 

The lone pair on Br in the BrE; molecule gives a square pyramidal geome- 
try, although the orbital arrangement 1s still roughly that of an octahedron. 
Unlike the trigonal bipyramid, all positons on the octahedron are equivalent, 


and placement of the lone palr is not an issue. This is not true of the next ex- 
ample, however. 


AB,E; 
The lon ICTI¿ is planar because two lone pairs on the central iodine are 


placed opposite (180°) one another. The other possibility is less stable because 
it would involve placement of lone pairs at 90° to one another. 


3-3 


3-4 
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Table 3-2 Single-Bond Covalent Radii (in Ả) 


H 0.28 C 0.77 N 0.70 O 0.66 F 0.64 
Si „17 P 1.10 S 1.04 ii 0.99 
Ge 19 As I2 Se 17 Br 1.14 
»n 1.40 Sb 1.41 Te I577/ 1 lỈ J2) 


Bond Lengths and Covdolent RBadii 


Ifwe consider a single bond between like atoms, say C—CI, we can deñne the sin- 
gle-bond covalent radius of the atom as one half of the ,bond length. Thus the 
C]—C] distance (1.988 Ả) yields a covalent radius o£0.99 Ä for the chlorine atom. 

In a similar way, radii for other atoms (e.g., 0.77 Ä for carbon by taking one half 
the C—C bond length in diamond) are obtained. It is then gratifing to fïnd that 
the lengths of heteronuclear bonds can often be predicted with useful accuracy. 
For example, from Table 3-2 we can predict the following bond lengths, in 
angstroms, which agree pretty well with the measured values given in parentheses: 


cớ 194 (187)  P—CI 2.09 (2.04) 
C5 lu. . acc ha 915(214 


The agreement cannot be expected to be perfect, since bond properties (in- 
cluding length) vary somewhat with the environment. 

Multiple bonds are always shorter than corresponding single bonds. This 1s 
1llustrated by bonds between nitrogen atoms: 


N=N (1.10 Ä) N—N (1.25 Ả) N—N (1.45 Ả) 


Consequently, double- and triple-bond radii can also be defined. For the ele- 
ments C, N, and O, which form most of the multiple bonds, the double- and 
triple-bond radii are approximately 0.87 and 0.78 times the single-bond radii, re- 
spectively. 

The hybridizatdon of an atom affects Its covalent radius; since s orbitals are 
more contracted than ø orbitals, the radius decreases with Increasing s character. 
Carbon has the following single-bond radH: 


C(sg`),0.77Â — C(@/2),0.73Ả — G(s),0.70Ä 


When there is a great difference in the electronegativities (Section 2-7) of 
two atoms, the bond length is usually less than the sum of the covalent radii, 
sometimes by a considerable amount. Thus, from Table 3-2, the C—F and Si—F 
đistances are calculated to be 1.44 and 1.81 Ả, whereas the actual đistances in 
CE¿ and SïF¿ are 1.32 and 1.54 Ả. In the case of the C—F bond it is believed that 
the shortening can be attributed to 1onic-covalent resonance, which strengthens 
and, hence, shortens (by 0.12 Ả) the bond. For SiF„ only part of the very pro- 
nounced shortening can be thus explained. Much o£it is thought to be due to 7 
bonding using filled fluorine ø# and empty silicon đ7 orbitals. 


Molecular Packing: van der Waols Rodii 


When molecules pack together in the liquid and solid states, their approach to 
one another is limited by shortrange repulsive forces, which result from over- 
lapping of the diffuse outer regions of the electron clouds around the atoms. 
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Table 3-3 van der Waals Radii of Nonmetallic Atoms ín Ả) 


H 1.1-1.3 He 1.40 
N DO O 1.40 F J( 316) Ne 155 
JÈ 1.9 5 1.85 C1 1.80 Ar 1.92 
As 2.0 Se 2.00 Br 1⁄85 Kr 1.98 
Sb cua Te 2.20 I v4) LẠ) Xe 2.18 


Radius of a methyl group, 2.0 Ẳ - 
Hal£thickness of an aromatic ring, 1.85 A 


The actual disiance apart at which any two molecules would come tO rest is 
determined by the equalization of attractive and repulsive forces. There are also 
weak, short-range attractive forces between molecules that result from perma- 
nent dipoles, dipole-induced dipole, and so-called London forces. The latter 
arise from interaction between fluctuating dipoles whose time-average value in 
any one molecule 1s Zzero. 

Collectively, all these attractive and repulsive forces that are neither 1OIIC 
nor covalent are called uan đzr Waals ƒorcs. 

For the vast majority of molecules we find that both the attractive and re- 
pulsive forces are of roughly constant magnitude. Thus the distances between 
molecules in condensed phases do not vary a great deal. Consequently, it is pOs- 
sible to compile a list of van der Waals radii, which give the typical internuclear 
distances between nearest neighbor atoms in different molecules in condensed 
phases. The van der Waals radii for some common atoms are listed in Table 3-3. 

van der Waals radii are much larger than covalent radii and are roughly con- 
stant for isoelectronic species. Thus, in crystalline Bra, the covalent radius of Br 
is 1.15 Ả, whereas the van der Waals radius (one-half of the shortest intermolec- 
ular Br-::Br distance) is 1.95 Ả. The latter differs little from the Kr-:-Kr packing 
đistance of 1.98 Á in solid Kr, since Br when bonded to another atom ¡is isoelec- 
tronic with the Kr atom. 


The Delocdlized Approdch to Bonding: 
Moleculdr Orbitol Theory m 


The MO theory description of the chemical bond involves the simnple and 
broadly applicable idea that a chemical bond can exist when outer orbitals on diÊ 
ferent atoms overlap so as to concentrate electron density between the atomic 
cores. The criterilon of net positive overlap of atomic orbitals is of unparalleled use- 
fulness as a qualitative guide, and Iindicates whether bonding wIll actually occur. 
Consequently, the examination of these overlaps will be our first consideration. 


Overldap of Orbitdls 


Tf two atoms approach each other closely enough for one orbital on each atom 
to have appreciable amplitude in a region of space common to both of them, the 
orbitals are said to overlap. The magnitude o£ the overlap may be positive, neg- 
ative, or zero, according to the properties of the orbitals concerned. Examples 
Of these three cases are illustrated in Eig. 3-15. 
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Positive 
overlap 


Negative 
overiap 


Zero 
overlap 


Figure 3-15 Some common types of orbital interaction leading to positive, negative, and zero 


overÌap. 
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Figure 3-ló  Electron density distributions for the one-elec- 
tron H$ ion, with Hạ at point A and Hạ at point B. (1) For 
cach atom, taken separately, the solid white curve repr€sents ©i- 
ther @Š or 2. (2) The broken white curve represents the sim- 
ple sum (0Ä + @2)/2. (3) The broken black curve represents 
the bonding function (0A + @p)2⁄2. (4) The solid black curve 
represents the antibonding function (0a - @p)/2. 


Overlap has a positive sign when the superimposed regions of the two Or- 
bitals have the same sign: both + or both —. Overlap has a negative sign when the 
superimposed regions of the two orbitals have opposite signs. PreciseÌy zero OVer- 
lap results when there are precisely equal regions of overlap with opposite signs. 

The physical reason for the validity of the overlap criterion is straighfor- 
ward. In a region where two orbitals @¡ and 0; have positive overlap, the electron 
density is higher than the mere sum of the electron densities of the two separate 
orbitals. That is, (0; + @;)Ÿ is greater than @‡ + 0š, by 20¡@„. More electron đen- 
sity is shared between the two atoms. The attraction ofboth nuclei for these elec- 
trons is greater than the mutual repulsion of the nuclei. À net attractive force or 
bonding interaction therefore results. 

This interaction is shown in Fig. 3-16 for the Hệ ion. The full hght lines (1) 
show the electron distributions in the 1s orbitals for each atom, $2 and 0ä. The 
light dash line (2) shows the simple average of these, (02 + $3)⁄2. If these two 
orbitals are brought together with the same sign, they give a positive overlap and 
the electron density will be given by (0A + @g)Ÿ⁄2. This ¡is shown as line (3) which 
lies above line (2) throughout the region between the nuclei. In other words, the 
electron becomes concentrated between the nuclei where it is simultaneousÌy at- 
tracted to both of them and the Hệ ion is more stable than H” + H or H+H'. 

Clearly, in the case of negative overlap, shared electron density is reduced 
and internuclear repulsion increases. This causes a net repulsive or zwf?bonding 
interaction between the atoms. This is also illustrated for Hệ in Fig. 3-16. The 
electron density distribution given by (0A — @p)Ê/2 is shown by the solid curve 
(4). The electron density 1s now much lower everywhere between the nuclel, ac- 
tually reaching zero at the midpoint. 

When the net overlap 1s zero there is neither an increase nor a decrease in 
shared electron density and, therefore, neither a repulsive nor an attractive in- 
teraction. Thịs situation is described as a øønbønđ?ng interaction. 
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Dioafomic Molecules: H; and He„ 


Once the sign and magnitude of the overlap between a particular palr o£ orbitals 
are known, the result, in terms of the cnergy of Interaction, may be expressed in 
an energy-level diagram. This is best explained by using an example: the hydrogen 
molecule (H;). Each atom has only one orbital, namely, its Is orbital, which is sta- 
ble enough to be used in bonding. Thus we examine the possible ways in which 
the two 1s orbitals @¡ and $„ may overlap as two H atoms approach each other. 

There are only two possibilities, as illustrated in Eig. 3-17. If the two 1s or- 
bitals are combined with positive overlap, a bonding interaction results. The pos- 
itively overlapping combination È¡ + $; can be regarded as an orbital in itself, 
which is called a zol2cular orbtal (MO), and 1s denoted ,. The subscript östands 
for bøndzng. Similarly, the negatively overlapping combination @¡ — $s also con- 
stitutes a molecular orbital W,„ where the subscript ø stands for antibonding. 

Now imagine that two hydrogen atoms approach each other so that the mo- 
lecular orbital %Ÿ, is formed. An MO, like an atomic orbital, 1s subject to the ex- 
clusion principle, whích means that it may be occupied by no more than two 
electrons, and then only If these two electrons have opposite spins. A bond will 
be formed if we assume that the two electrons present, one from each H atom, 
palr their spins, and occupy 1f,. The energy of the system will decrease as 7, the 
internuclear distance, decreases following the curve labeled öin Flg. 3-18. At a 
certain value of the Internuclear distance, r„, the energy will reach a minimum 
and then begin to rise again, very steeply. At the minimum the attractive force 
due to the sharing of the electrons Just balances the forces due to repulsions be- 
tween particles of like charge. At shorter distances the repulsive forces increase 
very rapidly. It is this rapid increase in repulsive forces at short distances that 
causes the H; molecule (and ali other molecules) to have a minimum energy at 
a particular internuclear distance and prevenfts the atoms from coalescing. This 
minimum energy, relative to the energy of the completely separated (z= %) 
atoms is called the bond energy and is denoted „1n Flig. 3-18. 


CÓ : cl — 
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\Wy= dị †? dạ 


\Ứ,= dị T— Ó› 


Figure 3-17 The 1: orbitals ($; and ộ;) on two hydrogen or 
helium atoms may combine to form either a bonding MO, , 
or an antibonding MO, 1Ÿ„ The sign o£f*Ÿ, ¡s everywhere posi- 
tive. The sign of \„ changes between the nuclei; a nodal plane 
exists here because the value o£ W„ is zero at the midpoint be- 


tween the atoms. 


102  Chopler3 / Struclure and Bonding in Molecules 


Figure 3-18 The variation of the 
energy associated with the antibond- 
¡ng orbital W„ (z-the solid white 
curve) and the bonding orbital , 
(b—the solid black curve) as a func- 
tion of the distance, ?; between the 
two atoms. The equilibrium Internu- 
clear distance, 7, corresponds to the 
minimum in curve ở. Here the stabil- 
ity associated with the bond is maxi- 


Now, if the two H atoms approach each other so as to form the antibonding 
orbital „ with both electrons occupying that orbital, the energy Of the system 
would vary, as shown in curve z. The energy would continuously increase, be- 
cause at all values of z the interaction is repulsive. 

We may now consider the possible formation of an He; molecule by using 
the same basic considerations, represented in Figs. 3-17 and 3-18, as for the Hạ 
molecule. Again, only the 1s orbitals are stable enough to be potentially useful 
in bonding. The He atom differs from the H atom ¡in having two electrons, and 
this is crucial because in the He; molecule there are then four electrons. Thịs 
means that 1Ÿ, and 1„ must cach be occupied by an electron pair. Therefore, 
whatever stabilization results from the occupation o£*„ ¡t is offset (actually out- 
weighed) by the antibonding effect of the electrons in *„. The result is that no 
net, appreciable bonding occurs and the He atoms are more stable apart than 
together. 


Homonucleoơr Didfomics in Cenerol 


The foregoing explanation of why H; is a stable molecule and He; is not, when 
coupled with the previous results concerning orbital overlaps, provides all the es- 
sential features needed to discuss the bonding ¡n all homonuclear diatomic mol- 
ecules. We shall explicitly consider the molecules that might be formed by the el- 
ements of the first short perlod, that is, L1;, Be;,..., Fa, Nea. 

Before we do so, however, we introduce a different type of energy-level dia- 
gram from that in Eig. 3-18——one more suitable to molecules with many MO's. 
Instead of trying to represent the energy as a functon of internuclear distance, 
we select one particular distance, z„ (or the estimated value thereof). The ener- 
gies of the MO at that distance are then shown in the center of the diagram. 
The energies of the atomic orbitals are shown for the separate atoms ơn each 
side of the diagram. The presence of electrons in the orbitals can then be rep- 
resented by dots (or sometimes arrows). For H; and He; the appropriate dia- 
grams are shown in Eig. 3-19. ` 

Similar diagrams can be used when the two atomic orbitals are not of iden- 
tical energy, in which case the appearance will be as shown in Eig. 3-20. Two im- 
pOortant features must be emphasized for this case. (1) The more the two atomic 
orbitals differ in energy to begin with, the less they interact and the smaller are 
the potential bonding energies. (2) While the MO's W„ and , ¡in Elig. 
3-19 contain equal contributions from @$¡ and @s, this is not true when ở; and $s 
differ in energy. In that case, %P, has more @$; than @¡ character while, conversely, 
W,has a preponderance of È¡ character. When ; and ô; differ very greatly in en- 
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Figure 3-19 The MO energy-level diagrams for the H; and He; molecules. The orbitals 
marked 0¡ and ô; are the contributing 1s atomic orbitals on either two H or two He atoms. The 
MO marked 1Ÿ, and *Ÿ, correspond to those diagramed in Fig. 3-17. 


ergy, the interaction becomes so sinall that 1f„ is virtually identical in form and 
energsy with @¡ and 1%, with $›, as is shown in Fig. 3-20(). 

Diagrams of this type can be used to show the formation of bonding and an- 
tbonding MO's from any two atomic orbitals, or fom two entire sets of 
atomic orbitals. We are interested here in the interactions of the entire set of 
2s520.2Đ,2ÿp, orbitals on one atom with the equivalent set on another. 

If we defñne the internuclear axIs as the z axIs, we first note that only certain 
overlaps can be nonzero: 


25 with 25 
2s with 27. 
2 with - 9# 
2p, with 9Ø 
20» with, 2Ø 
2Ð, with 2#, 


(2) ——— (b) 


Figure 3-20 The MO ecnergy-level diagrams for cases where the interacting atomic 
orbitals @; and 9; initially differ in energy. In (0) the energy difference between j¡ and 
@s is so great that, cven were the symmetry correct, little overlap 1s possible. Às a r€sult, 
the MO's are only slightly different in either energy or shape from the iniual atomic or- 


bitals. 
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Figure 3-2Tï Diagrams showing cach of the types of overlap that are important in 
a điatomic molecule. In the right-most column are given those algebraic combina- 
tions o£ orbitals on two adjacent atoms that lead to either bonding or antibonding 
MO. Diagrams of these orbital combinations are given in the adjacent column. In 
cach case, It is the z axis that is taken to be the internuclear axis and, by conven- 
tion, the positive z direction for each atom is that which poïnts towards the other 
atom. The sign for each lobe of an orbital is the sign of the original wave function, 
although the orbital is drawn from the square o£ the wave function. The algebraic 
sign for each combination ¡in the right-hand column is chosen to give either a 
bonding or antibonding Interaction. The resulting MO” are given the designations 
listed in the left-most column, where the Ø and 7 notation conforms to that ex- 
plained in the text, and * indicates an antibonding MO. The approximate shapes 
of the MO are given by the shaded figures. Each antibonding MO is characterized 


by a nodal plane perpendicular to the Internuclear axis, as indicated by the dashed 
lines. 
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Al the remaining 10 (e.g., 2s with 27, 2ø, with 2Ø,„ etc.) are rigorously zero and 
need not be further considered. 

Figure 3-21 shows the overlaps just mentioned in more detail, and indicates 
how the resulúng MOs are symbolized. The first four types of overlap, whether 
positive (to give a bonding MO) or negative (to give an antibonding MO) give 
rise to MO's that are designated ơ. The ø, + ø„and Ð; + Đy overÌaps g1ve rise tO Or- 
bitals designated 7t. The last two, s + Ø.. also give G molecular orbitals. The basis 
for this notation will now be explained. 


Ø, 7, and ð Notation 
If we view a MO between two atoms along the direction of the bond, that is, 


we look at it end-on, the following possibilities must be considered, as shown in 
Fig. 3-22. 


(a) We shall see a wave function that has the same sign, either + or —, all the 
way around. In other words, as we trace a circle about the bond axis, no 
change in sign occurs throughout the entire circle. An MO of this kind 
1s called a G (sigma) MO. Such an MO can only be formed by overlap 


(4) 


(c) 


Figure 3-22 Charactcristics ofG,7,and ồ molecular orbitals as 
seen along (down) the internuclear axis, sụch that the first atom 
eclipses the second. As shown in the two examples of (2), G molecu- 
lar orbitals are not broken by any nodal planes that include the in- 
ternuclear axis. Two examples of  molecular orbitals are shown in 
(ð). These orbitals possess one plane that includes the internuclear 
axis. The type MO of part (2) is formed by two đtyp€ atOmIc OT- 
bitals placed face to face. These õ molecular orbitals poss€ss twO 
nodal planes that include the internuclear axis. 
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(either + or —) of two atomic orbitals that have the same prOp€TfY with 
respect to the axis in question. Thus these atomic orbitals can also be 
designated Ø. Only the s and Ø, orbitals in the sets we are using have this 
property. The symbol Ø is used because Ø is the letter sin the Greek al- 
phabet, and a ø MÔ is analogous to an atomic s orbital, although it need 
not be formed from atomic s orbitals. 

(b) We may see a wave function that is separated into two regions Of oppo- 
site sign. With respect to the entire MO, there is a z0odal biane. Precisely 
in this plane the wave function has an amplitude of Zero, OVer the entire 
length of the bond. The symbol 7Ø, the Greek letter p, is used because 
this type of MO is analogous to an atomic Zø orbital. As shown in Fig. 
3-21, it can be formed by overlap of two suitably oriented ø orbitals. In 
the simple case ofa diatomic molecule, or any other linear molecule, 7t 
orbitals always come in pairs because there are always two similar # Or- 
bitals, ø„and ø„ on each atom. The orbitals are equivalent to cach other 
and thus two equivalent £ bonding MO”s and two equivalent # anti- 
bonding MO are formed. 

(c) Although we shall not encounter this possibility until much later, when 
we discuss certain transiion metal compounds, there are MOs that 
have two nodal planes. These are called ồ, the Greek letter d, orbitals. 
The õ molecular orbitals cannot be formed with sand ø atomic orbitals, 
but the overlap of suitable atomic đ orbitals (€.g., twO đ,„ OT tWO đ,z_,„z OT- 
bitals) will form a ồ molecular orbital. 


Antibonding orbitals shall be designated with an asterisk: ƠØ*, 7, and ô*. 


The F; Molecule 

We now consider energy-level diagrams for specific homonuclear điatomic 
molecules formed from the elements of row two in the periodic table. First we 
consider F;. Each fluorine atom has the electron configuration 15227”. The 1s 
electrons are so close to the nucleus and so much lower in energy than the va- 
lence shell that they play no significant role in bonding; this 1s almost always true 
of so-called inner-shell electrons. Thus only the 2s and 2ø orbitals and their elec- 
trons need be considered. (Recall, as well, that only valence electrons are con- 
sidered in drawing a Lewis diagram.) ø 

For a ñuorine atom, the effective nuclear charge ¡is high, and the energy dif£- 
ference between the 2s and 2ø atomic orbitals is great. For this reason, in the F; 
molecule, the 2s orbital of one fluorine atom interacts only slightÌy with the 2ø, 
orbital on the other fÑuorine atom. The symmetry 1s proper for overlap, as shown 
in Eig. 3-21, but the energy difference between the two orbitals is so great that 
overlap 1s not effective. Thịs is illustrated in Eig. 3-20(0). As a result, there is no 
contribution to bonding from Iinteraction of these two orbitals. Thus only 2s-2s, 
2Ð.-2Pb„ 2b¿-2Ø0„ and 2p~2p, interactions need to be considered, and the dia- 
gram of Fig. 3-23 is obtained. The internuclear axis is the z axis. 

In Eig. 3-23 the 7 and 7 molecular orbitals are each doubly degenerate. 
These orbitals are formed by ?, to ÿ„ and ?, to Øø, overlap, so that the z molecu- 
lar orbitals differ only in their orientation around the internuclear (z) axis. The 
overlap is positive for 7. (2ø„ + 2ø,) and negative for Ÿ (2ø„— 2ø,), and similarly 
for 1L, and 7 The orbitals in Fig. 3-23 have the shapes designated in Eig. 3-21. 

For F; there is a total of (7 + 7) = 14 valence electrons that must occupy these 
MO'sin keeping with the zw/ðaw principle, Hund's rule, and the Pauli exclusion 
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Figure 3-23 An MO diagram for the fluorine molecule (E;). 
Atomic orbitals of each fÑuorine atom are listed on the left and 
the right. The MO°s that result are listed in the center. The Ø 
molecular orbitals are each singly degenerate, and are given 
the arbitrary designations Ơy -': Ø¿. The 7¡ and 7; levels are 
cach doubly degenerate. The parenthetical MO designations 
correspond to those given in Fig. 3-21. 


principle. By adding electrons in this fashion, we get the occupation shown in 
Eig. 3-23. For all pairs of electrons except those of Ø,, the stability gained for a 
bonding pair is offset by an antibonding pair of electrons. Hence, only the elec- 
tron pair in Ø, gives a net bonding effect, and we conclude that the F; molecule 
has a single bond, in agreement with the Lewis diagram. 

In general, bond order is defñned in MO theory in Jjust this way. IÝ we take 
the number of electron pairs in bonding molecular orbitals („) and subtract the 
number of pairs in antibonding molecular orbitals (ø„), we have the bond order, 
namely, Tụ — Thự, 


The Li; Molecule 

The diagram is somewhat different for the Liy molecule because the 2s and 
2ø atomic orbital separation is smaller in the Lĩ atom. Consequently, the 2s Or- 
bital of one atom is close in energy to the 2Ø orbital of the second atom. Their 
overlap cannot be ignored. The diagram that shows this 1s Fig. 3-24, where the 
internuclear axis is again taken to be the zaxis. Ás a result oỂ s to #¿ and Ø, to-s” 
interactions, the molecular orbitaÌs Ø; and Ø; have both 7, and s character. Thus 
there is an upward displacement of Ø; SO that ít lies above 7„ and 7ø, Although 
this has practically no importance for the stability of Lì;, it will become Impor- 
tant as we proceed to molecules with more electrons. For Lạ the two valence 
electrons occupy Ø;, and the bond order is one. Ít is a weak bond because the 
overlap of such diffuse 2s atomic orbitals is poor. A computer-drawn electron 
density map for this bonding electron pair, which is represented as [Ø;]Ÿ, is 
shown in Fig. 3-25. This quantitative representation of the overlap should be 
compared with that of the purely schematic depictons of Figs. 3-17 and 3-2]. 
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Figure 3-24 An MO diagram for the dilithium molecule 
(Li;). As in F;, the ø molecular orbitals are singly degenerate, 
and the z molecular orbitals are each doubly degenerate. 
However, because of s—~ø mixing, as discussed in the text, the re- 
suling MO's are not strictly those shown in EFlig. 3-21. 


Figure 3-25  Electron density contours for the filled bonding molecular orbital, Ø,in 
Lạ. Each new contour line from the outside in represents an increase in electron den- 
sity by a factor of two. The atoms are located at the positions of highest electron density. 
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The Complete Series 

We can now consider the entire series of molecules from Lla to EF;¿. The pro- 
8ressive changes in orbital energies and electron populations from one extreme 
to the other are shown in Fig. 3-26, along with bond distances and energies. The 
diithium molecule has the longest and weakest bond of all because it is only a 
single bond formed by overlap of two fairly diffuse 9s atomic orbitals. The Li 
atoms are large, and the effective nuclear charge is low. 

The beryllium atom has the ground-state electron configuration 1322. Four 
valence electrons are to be considered for the Be¿ molecule, and these electrons 
are assigned as shown in Fig. 3-26. Because the bond order is zero, there is no 
stable Be; molecule. 

For B; there are six electrons to occupy the MO's. The last two enter the 
doubly degenerate 7¡ level according to Hund's rule. The B„ molecule is, there- 
fore, paramagnetic with two unpaired spins. The bond order is one because the 
Ø; and Ø; pairs cancel one another, leaving one net bond due to [7;]Ÿ. The bond 
distance is shorter and the bond energy is higher than in Li; because of the 
smaller size of the B atoms. 

For Ö; the 7 orbitals are only slightdly lower in energy than Øs, but they are 
low enough to give the groundsstate electron configuration [Ø;]”[Øs]?[7]Ý, as 
shown in Fig. 3-26. The C¿ molecule is diamagnetic and has a considerably 
shorter and stronger bond than does B;. The excited state [Ø;]?[ø;]?[]?[ø;]! 
for €; lies only about 10 kJ mol" above the ground state. 
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Figure 3-26 The MO energy-level diagrams for the điatomic mmolecules from L1; to F; showing 
the changes in MO energies, electron configuratlons, bond lengths, and bond in th For mol: 
ecules with high effective nuclear charge (e.g., F;, Os, and perhaps N;), the MOs are essentially 

those of Fig. 3-21, as designated in Eig. 3-23. For molecules with low effective nuclear charge, s-# 
mixing is extensive, as discussed in the text. 
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(b) 


Figure 3-27  Molecular orbital diagrams for (2) the dinitro- 
gen molecule and () the carbon monoxide molecule. Both - 
have the same number of electrons, but the MÔ diagrams are 
different because of the different starting energies for the 
atomic orbitals of ©€ and O. 


The Ñ; molecule has the highest bond order (three), the shortest bond, and 
the strongest bond of any molecule ¡in the series. The bond order of three is in 
agreement with the Lewis diagram that has a triple bond, :NÑ=N:. 

With the O; molecule, bond order and bond strength begin to decrease 
since, following Ñ;, only antibonding MO”s remain to be occupied. For O;, the 
two additional electrons enter the doubly degenerate 7s level, which is anti- 
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bonding. The bond order is two. The electrons in the 7 level are unpaired, and 
thìs accords with the fact that the substance is paramagnetic with two unpaired 
electrons. The correct prediction of this by sinple MO theory is in contrast with 
the difficulty of explaining it in Lewis terms. The Lewis approach correctly re- 
quires a double bond, but not the presence of two unpaired electrons. 

The Ne; molecule is not stable, and the reason for this ¡is clear. The bond 
order would be zero, because all MO's through ơ;in Eig. 3-26 would be filled by 
the 16 valence electrons of two Ne atoms. 


Heteronucleor Diotomic Molecules 


The extension of the MO method for homonuclear điatomic molecules to ỉn- 
clude heteronuclear diatomic molecules, such as CO and NO, ¡s not difñcult. It 
depends on making allowance for the different effective nuclear charges of the 
two atoms. Thịis is shown in Eig. 3-27 where the isoelectronic molecules NÑ; and 
CO are contrasted. There are two important features to be noted in this com- 
parison. First, all orbitals of the oxygen atom lie at lower energies than the cor- 
responding ones of the carbon atoin, because oxygen has the higher effective 
nuclear charge. This finding ¡s in keeping with Fig. 2-14, which indicates that the 
first Ilom1zation enthalpy of O ¡s several hundred kilojoules per mole greater than 
that of C. Second, the 2s-2ø energy separation is greater for O© than for C. The 
resuling MO diagram for CO [Fig. 3-27()] emphasizes the overlap of the car- 
bon 2s atomic orbital with that atomic orbital of Ô closest to 1t in energy, the oxy- 
gen 2ø atomic orbital. This s-ø mixing is not prominent in the MO diagram for 
Na, Eig. 3-27(4). 

For these reasons, the MO?s for CO are significantly different from those for 
N;. The highest filled MO for N¿ is Ø; of Fig. 3-27(2). Thịs orbital is essentially 
Ơ, of Eig. 3-21. Because it is an orbital of high bonding character, Ìoss of an elec- 
tron (to form Nš) weakens the N—N bond. In CO, however, the highest filled 
MO [Øs of Eig. 3-27 () ] is slightly antibonding in character. Hence, the CO” ion 
has a slightly stronger bond than does CO. 

Another important heteronuclear diatomic molecule is nitric oxide (NO). 
Since N and O differ by only one atomic number, the energy-level diagram for 
NO šs rather similar to that o£N;. The additonal electron of NO must occupy 
the antibonding 7 orbital of Fig. 3-27(2). Because 7; is antbonding, the last 
electron of NO is easily removed to form NO”, which then has a sronger bond 
than the neutral NO. The electronic structure of NO might equally well have 
been derived qualitatively by removing one electron from the configuration of 
the O¿ molecule. 


Moleeular Orbitol Theory for Polyatlomic Molecules 


Lineor Triadlomics: BeH; 


The MO method can be generalized to larger molecules. To illustrate, let us con- 
sider the simplest linear triatomic molecule BeH;. Let us choose the z axIs as the 
molecular axis. We first note that only G molecular orbitals can be formed be- 
cause the hydrogen atoms have only their 1s orbitals to use in bonding. These 
orbitals are themselves of ø character with respect to any axis that passes through 
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the nucleus, and therefore they can contribute only to G molecular orbitals. 
Then, on the Be atom, only the 2s and 2ø, orbitals can participat€ in bonding. 
The ø, and ø, orbitals, which have 7 character and zero overlap with any G OTr- 
bital, will not play a role in bonding in the BeH; molecule. 

The 2s orbital of beryllium can combine with the two Ìs orbitals of the hy- 
drogen atoms to form bonding and antibonding MO*s, as is shown in Fig. 3-28. 

The 9ø, orbital of beryllium also combines with the hydrogen 1s orbitals, as 
is shown in Fig. 3-28, to form bonding and antibonding Ø molecular orbitals. In 
these, the 1s orbitals are ơw¿ øƒbhase with cach other. 

The important points to remember about these four Ø molecular orbitals 
are the following: 


1. In cach bonding MO, electron density is large and continuous between 
adjacent atoms, while in the antibonding MO there is a node between 
cach adjacent pair of nucÌel. 

2. In cach bonding MO, the wave function indicates that an electron pair 
occupying it is søzezđ ơu‡ over the whole molecule, and is shared by all of 
the atoms, not just a particular adjacent pair. In other words, in MO”s 
electrons are đeocziizeđ over the whole extent of the MO. 


The MO treatment of the bonding in BeH; can be expressed in terms of an 
energy-level diagram, as shown in Eig. 3-29. The main features here are that the 
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Figure 3-28 The four öø molecular orbitals for the linear 
BeH;. The dashed vertical lines are nodal planes perpendicular 
to the molecular axis. The notation for orbitals Ơ; --' Ø¿ con- 
forms to that used in Eig. 3-29. Those ø atomic orbitals of Be 
that are perpendicular to the molecular axis have nonbonding 
interactions with the hydrogen 1s orbitals. 
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Figure 3-29 An MO energy-level diagram for BeH;. The MO 
designations Ø;-Øa correspond to those of Fig. 3-28. The two 
atomic ø orbitals of Be that are unchanged in energy lie at right 
angles to the internuclear axis and have nonbonding Interac- 
tions with the 1s atomic orbitals of the hydrogen atoms. 


hydrogen 1s orbitals lie at much lower energy (~400 kƑ mol”) than the beryllium 
2s orbital and that the ø„ and ø, orbitals of Be carry over completely unchanged 
into the center column, because they do not overlap with any other orbitals. The 
four valence electrons, 2# from Be and 1s from each H, occupy Ø; and ơ;. The 
total bond order of the Be—H bonds is two. Since each Be—H parr participates 
equally in the molecule, this is equivalent to saying that there are two equivalent 
B—H single bonds. 


Trigondl Planor Molecules: AB; 


A particularly important and more general applicaton of MO theory in poly- 
atomic mọlecules deals with  bonding in planar systems. Ône Important group 
is the symmetrical compounds of the general formula AB;. Examples include BE;, 
CO‡Ƒ, and NO”;. If these trigonal planar systems are oriented so that the central 
atom is at the origin of the coordinate system and the molecular or ionic plane 
coincides with the xy plane, then the 7-bond system will be formed entirely by the 
?, atomic orbitals of the four atoms. The 7-bond system must then have a node 1n 
the xy plane. It must also be equally dispersed over the three A—B bonds, m 
agreement with the resonance result discussed previously. Consistent with thịs, 
the MO approach involves overlap that encormpasses the whole structure. 

There are three linear combinations of ø, atomic orbitals from the separate 
peripheral B atoms of AB; which are Importan( to the discussion. We shall not 
discuss the methods that are used to đeduce these particular lnear combina- 
tỉons, except to point out that these three particular linear combinatlons have 
been chosen to provide the best total, positive overlap with the atomic ?, orbital 
of the central atom A. These three linear combinations are termed group or- 
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bitals, as illustrated in Eig. 3-30. The linear combinations [group orbitals (GO)] 
represented in Eig. 3-30 arise from three đistinct arrangemens of the Ø„ atomic 
orbitals at the vertices of the AB; triangle. Only one group orbital o£ Fig. 3-30 has 
non-zero overlap with the ø, atomic orbital of the central atom Â as shown ïn Flg. 
3-31. The other two interactions are nonbonding (e.g., z„ and 7t;,) and the re- 
sulting MO's appear in the energy-level diagram of Fig. 3-32 with energies that 
are unchanged. One of the interactions shown in Eig. 3-3] is bonding, and this 
leads to the 7 molecular orbital shown in Fig. 3-32. Its anubonding counterpart 
1s listed in Fig. 3-32 as 7Ý. 

For each of the species BFz, CO”, or NO, there are only 6 electrons to oc- 
cupy the # molecular orbitals of Fig. 3-32. (The other 18 valence electrons oc- 
cupy the various Ø orbitals of the xy plane.) The six 7# electrons are distributed as 
is shown in Eig. 3-32. The 4 electrons in the two degenerate orbitals (z„ and Ø1s,) 
neither contribute to nor detract from the stability of the -bond system because 
they are nonbonding. Thus, the 7-bonding stability is provided entirely by the 


(2) GO, = 2p,(1) — p,(2) — p,(3) 


(b) G0; = p;(2) — p,(3) 


(c) GO;= p,(1) + p,(2) + p,(3) 


Figure 3-30 Thrce combinations of ø, orbitals from the three 
outer B atoms of a planar AB; molecule. Each combination 
(called a group orbital, GO) is multcentered, and each is con- 
structed to be used as a group in overlapping with the ø, atomic 
orbital of the central atom A, as shown in Fig. 3-31. 
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Afp, ) + GO; —=* 
^^ 2 
éN ⁄< 
2⁄4 Pị ® VIẾ `. 
— | sÐ ` \Á--- “ ‹‹. 
A(p,) _ GO; =-.. lÌ 


Figure 3-3Ï Diagrams showing how bonding (7) and antibonding (7) molecular 
orbitals are formed in an AB; molecule using the ?, orbital o£ the central atom A and a 
group orbital (GO; of Eig. 3-30) from the outer atoms B. The MO's themselves, at the 
right, are viewed from above. The MO” change sign in the molecular plane, as do the 
?, atomic orbitals from which they are formed. In addiuon, #ÿ has three nodal planes 
perpendicular to the molecular plane. 


one electron pair in the #¡ molecular orbital. The total  bond order of one ¡s 
cqually distributed over the three equivalent AB regions so that the net £ bond 
per AB group is one-third. The conclusion here is that one 7 bond 1s delocalized 
over three AB atom pairs. The same conclusion was reached previously through 
the concept of resonance. 


Figure 3-32 The MO energy-level diagram for the 7-bond 
system in a planar, symmetrical AB; molecule. The symbols 7t¡ 
and ØrŸ correspond to those used in Fig. 3-31. The nonbonding 
orbitals s„ and 7s, are essentially GO; and GO; of EFig. 3-30. 
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Multicenter Bonding in Electron Deficient Molecules 


In some molecules, there are not enough electrons to allow at least one electron- 
pair bond between each adjacent pair of atoms. Examples of molecules display- 
ing this type of electron deficiency are shown in Structures 3-XIV and 3-XV. 


H; 
H H ăhH TẾ Ác CH; 
`"... ¿` 8` 
B ĐỘ „AI AC 
j HớT HC GB CH, 
H; 
3-XIV 3-XV 


In Structure 3-XIV and in the AlạGs skeleton of Structure 3-XV there are eight 
adjacent pairs of atoms, but there are only six pairs of electrons available for 
bonding. Eight bonds are required for the normal distribuuon o£ two-Cent€r, 
two-electron bonds. Clearly, this 1s not possible for Structures 3-XIV and 3-XV. 
[Note that Structures 3-XIV and 3-XV are the actual structures for molecules 
with empirical formulas BH; and AI(CH;);. | 

Both Structures 3-XIV and 3-XV present the same problem for a bonding đe- 
scription. We shall concentrate on Structure 3-XIV, since ¡t is less cumbersome. 
We could try to account for Structure 3-XIV by invoking a resonance description, 
namely, the canonical forms 3-XIVa and 3-XIVb. 


H H 
H nế BH H;B `bH 
2 cm mà 2 
H H 
3XIVa 3-XIVb 


This would imply that, in each B- - - -H- - - -B bridge, one electron païr is shared 
between or distributed over two B- - - -H bonds, giving each bridging BH group 
a bond order of one half. The electron deficiency is obvious, but the lack of for- 
mail bonds in each resonance form seems somewhat artificial. The remaining 
B—H bonds of the terminal BH groups are adequately described as normal two- 
centered, two-electron bondđs. An analogous description could be used for the 
central Al——C bonds in Structure 3-XV. 

Another way to describe the bonding in Structure 3-XIV is to use an MO 
treatment that encompasses only the bridging system. The terminal BH groups 
are handled separately as localized electron-pair bonds, so that within each start- 
¡ng BH; unit there are ordinary B—H bonds formed using s” hybrid orbitals on 
the B atoms. If these two BH; units are brought together, as shown in Flig. 
3-33(4), so as to make the H;B - - : : BH; sets of atoms coplanar, the remaining 
two sở hybrid orbitals on each B atom point toward each other. Now, if the re- 
maining two hydrogen atoms are placed in their proper bridging positions, as 
shown in Eig. 3-33(0), cach of the 1s atomic orbitals of these hydrogen atoms 
overlaps with two of the s#ø” orbitals from the B atoms. In this way an orbital is 
formed that extends over cach B- - - -H- - - -B unit. There are two such orbitals. 
Each is three centered, has no nodes, and is, therefore, capable of bonding all 
three atoms together. Since each boron atom and each bridging hydrogen atom 
supphes one electron, there are four electrons to be distributed into the two 


3-7. Multicenter Bonding in Eleciron Deficient Molecules 117 


(0) 


Figure 3-33 The formation of 3c-2e bonds in B„H,. 
The orientation of two coplanar BH; groups, with s” hy- 
brids on B atoms, is shown in (2). When the bridging H 
atoms are placed as in (7), continuous overlap within each 
B—H-—B arch results in two separate 3c-2e bonds. 


three-centered orbitals. Thus one electron païr can be used for each three-cen- 
tered orbital. In this way we establish a type of bond called a three-center, two- 
electron bond, abbreviated 3c-2e. Since one electron palr is shared between 
three atoms instead of two, 3c-2e bonds have about one-half the strength of the 
normal two-center, two-electron (2c-2e) bond. This is equivalent to the bond 
order o£ one-half obtained in the resonance treatmenI. 

To appreclate and utilize more fully the concept of 3c-2e Sa 1L 1S N€C- 
essary to examine it in more đetail. Suppose we consider only the sø* hybrid or- 
bital on each B atom and the 1s orbital of the bridging H atom. These three 
atomic orbitals can be combined into three MO, as shown in Eig. 3-34. One of 
these (#,) ¡sa bonding orbital; ¡t is the same one already discussed. There is also 
an antibonding orbital „ which has a node between each adjacent paIr of 
atoms. The third orbital „ has the signs of the two s#” orbitals out of phase and 
cannot have any net overlap with the hydrogen 1s orbital. It is A ø#øwbondng Or- 
biral. 

We can now draw an energy-level diagram that expresses these results, as 
shown in Eig. 3-35. By placing an electron pair in „ the bonding MO, we have 
a complete picture of the 3c-2e bonding situation. 

In the case of Al;(CGH:)¿, Structure 3-XV, the 3c-2€ TIENG bonding can be 
described in a very similar fashion. Each AI atom provides sø” hybrid orbitals, as 
do the boron atoms in B„H¿. Instead of the 1s orbital of the H atom, we now have 
the large positive lobe o£a carbon s” orbital at the center. 
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W„= sp?(B,) - 1s(H) + sp3(B,) 


W„= sp3(B¡) - sp3(B,) 


W,= sp3(B,) + 1s(H) + sp”(,) 


Si 9 
Figure 3-34 The formation of three distinct three-cen- 
ter MO?s in a B—H——B bridge system. 


The energy-level diagram in Eig. 3-35 can also be applied to the interesting 
case of the three-center, four-electron (3c-4e) bond. In the FEHF” lon, which 1s 
symmetrical (although most hydrogen bonds are weaker and unsymmetrical), 
cach F atom supplies a Ø orbital and an electron pair. Thus a set of orbitals es- 
sentially similar to that in the BHB system is used, and an energy-level diagram, 
which is essentially like that in Eig. 3-35, ¡is applicable. However, there are now 
two electron pairs. One pair occupies f, and the other *f„. The pair in 1f„ has 
no significant efect on the bonding because *f„ is a nonbonding orbital. The 
net result 1s that here, too, the bond orders are one haÏf, 


FIgure 3-35 An cnergy-levcl diagram for the three MO?s of 
Fig. 3-34 that are formed in a three-center B—H—-B bridge 
bond o£ B.,He. 


3-7 Mullicenter Bonding in Electron Deficient Molecules 119 


“„ xu ˆ 

` “4 B% () 
nUY 
$Ự (b) 


(c) 


Figure 3-36 The formation of three-center orbitals in a B—A——B system, where the 
central atom A uses a Ø orbital. The orbitals that are used are shown in (2). The shapes 
of the MO's formed are shown in (). An energy-level diagram showing the occupation 
of the orbitals for a 3c—4e bond ïs shown in (2). 


One other type of (3c-4e) bonding must also be discussed since it is essen- 
tial to the discussion of molecular shapes. Suppose we have a set of three atoms, 
B—A—, most probably linear but possibly bent to some extent, such that the 
central atom uses a ø orbital rather than an s orbital. The situation is shown ïn 
Fig. 3-36(z). Again, it is possible to form three multicenter orbitals, as shown 1n 
Fig. 3-36(0). The result turns out to be very similar to that already seen where the 
central atom uses an s orbital, in that bonding „ nonbonding *f„, and anti- 
bonding 1„ orbitals are formed and the energy-level điagram is analogous, as 1s 
shown in Fig. 3-36(¿). 

The interesting result, as seen in either Fig. 3-35 or 3-36, 1s that even If two 
electron pairs are available, the A—B bonds will have orders of only one-half, be- 
cause one electron pair occupies the nonbonding orbital W„. Here we are deal- 
ing with an orbitally deficient system rather than an electron deficient one. lf the 
central atom in either case had an additional Ø-type atomic orbital the system 
would be equivalent to that in BeH; and two bonds, each o£ order one, could be 


formed. 
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s.... ————NM 
NO Z 
"` ⁄ 
` sể 
Tbầ 
(2) 


Figure 3-37 (¿) The orientation ofa CO group over three 
metal atoms as found in some metal carbony]l compounds. () 
The overlap of three metal atom orbitals with themselves and 
with the Ø orbital [see Eig. 3-27(0)] of CO to form a four-cen- 
ter orbital. Itis this orbital (and the electron pair that occupies 
i0 that is responsible for binding of the CO group in this “cap- 
ping” posidon over the three metal atoms. The electron pair 
Originally ñilled ø; of the CO molecule. 


Multicenter bonding can occur in larger groups o£ atoms. There are, ÍOr ex- 
ample, compounds in which a single CO ligand lies perpendicularly over the 
center of a triangular set o£ metfal atoms, as shown in Fig. 3-37(2). In such cases, 
the best and simplest way to describe the bonding ¡s in terms oÊ a four-Center, 
two-electron (4c-9e) bond. If one orbital on each metal atom is directed toward 
the carbon lone-pair orbital o£ CO [Øs in Fig. 3-27() ], there will be mutual over- 
lap of all four orbitals, as shown in Fig. 3-37(), and the resulting four-center or- 
bital will be occupied by the electron pair initially in Ø; of the CO molecule. 


STUDY GUIDE 


Scope ơngd Purpose 


A brief and qualitative introduction to the twin subjects of structure and bond- 
ing has been given. These will be important topics in subsequent discussions of 
the reactons and properties of compounds. Bonding theory and molecular 
structure should not be taken as ends in themselves, but only as Important tooÌs 
in unđerstanding the actual properties and reactivities of chemical compounds. 
Of the Study Questions, those marked “A. Review” should be used by the student 
as a selEstudy guide to mastery of the material in the text. More challenging ex- 
ercises are listed under “B. Additional Exercises.” Questions marked “C. 


Questions from the Literature of Inorganic Chemistry,” require the use of spe- 
cific Journal articles. 


Siudy Quesfions 
A. Review 


1.  Why are the sign and magnitude of overlap between orbitals on adjacent atoms good 
indicatons of whether and how strongly the atoms are bonded? 

2. Show with drawings how an s orbital, each of the three ? orbitals, and each of the five 
đ orbitals on one atom would overlap with the s orbital, one of the ø orbitals, and any 
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10. 


12. 


15. 


14. 


55 


16. 
ly 


18. 


19. 


20. 


21. 


two of the đ orbitals on another atom close to it. Characterize each overlap as posi- 
tive, negative, or exactÌy zero. 


Draw an energy-level diagram for the interaction of two atoms each with an s orbital. 
Show how the MO?s would be occupied if the two atoms in questlon were H atoms 
and if they were He atoms. What conclusions are to be drawn about the formation of 
a bond in each case? 

When a bond is formed between two atoms, they are drawn together. What limits 
their internuclear distance so that they do not coalesce? 

State the defining characteristics of Ø, , and ỗ molecular orbitals. 

What is meant by a node? A nodal plane? 

How ïs bond order defined for a diatomic molecule in MO theory? 

Show with an energy-level diagram why the C; molecule has a bond order of 9 and 


no unpaired electrons, but has a low-lying excited state in which there are two un- 
palIred electrons. 


. Show how the electronic structure of the NO molecule can be inferred from that of 


O¿;. Explain why NO” has a stronger bond than NO itself. 


True or False: The set of valence shell orbitals (2s, 2ø) for N are of higher energy 
than those for C. Explain the reason for your answer. 


._ Write the electron configurations for the ground states and the valence states of Be, 


B, Œ, and N atoms, so that each one can form the maximum number of 2c-2e (or- 
dinary electron-pair) bonds. 

'What are the three important types of hybrid orbitals that can be formed by an atom 
with only sand ø orbitals in its valence shell? Describe the molecular geometry that 
each of these produces. 

State the geometric arrangement of bonds pnroduced by each of the following sets of 
hybrid orbitals: đsø°, đ°s#, đs#”. For each one state explicitly which đ and ? orbitals 
are required for each geometric arrangement. 

Explain ¡n detail, using both the MO approach and the resonance theory, why the 
NO bonds in NO; have a bond order of l. 

Why is the use of hybrid orbitals preferable to the use of single atomic orbitals In 
forming bonds? Illustrate. 

What does the term “electron deficient molecule” mean? 

Why does B„H; not have the same kind o£structure as CzH¿? Draw the structure that 
B;H; does have and describe the nature of the two sorts of BH bonds therein. 
Using the VSEPR model, predict the structures of the following ions and molecules: 
BeF;,.CH;, OF¿, PCI2, SO;, CIF;, BrF;, BrF;, SbF;, ICH¿. 

Why are the Kr --: Kr and intermolecular Br --: Br distances in the solid forms of the 
two elements practically identical? How would you expect the Br -:: Br distances In 
solid CBr¿ to be related to the above distances? 

Although substances such as OPCI;, SOT-, and CIO¿ are electronically saturated, the 
X—O bond lengths found in these compounds are shorter than would be expected 
for purely single bonds. Explain how P—O, S—O, or C—O double-bond character 
can arise in these three examples. 

Explain why there 1s no 2-2? mixing In the MO energy-level diagram for F;, whereas 
2s-2ø mixing is evident in the MO energy-level điagram for Lì;. 


B. Addifiondl Exercises 


1. 


For the series of diatomics O*;, O;, Ó”;, and Oˆ š, determine from an MO energy- 
level diagram how the bond lengths will vary and how many unpaired electrons cach 


should have. 
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The ionization enthalpies for H and F are given in Eig. 2-14. Draw an MO energy- 
level diagram for the HE molecule. How is the polarity of the molecule indicated In 
this diagram? 


. _Draw Lewis diagrams and predict the structur€s of (CH;);S (dimethyl sulñde) and 


(CH;);SO (dimethyl sulfoxide). How will the CSC bond angles differ? 


. Draw Lewis diagrams for each of the series OCO, NNO, ONO”, NCO", NNN”, and 


NCNE®.. What is the same in all of these systems? 


„_Describe the bonding in Al;Brs. 
._ Determine the hybridization for the central atom in OPCI;, OSF4, and OIE;. Predict 


the fne points of geometry using VSEPR theory. 


._ Predict the geometry of gaseous GeE;, and explain your reasoning. 


8. Choose a reasonable geometry for seven-coordinate iodine in JF;. 


15. 
16. 


ly # 


18. 


,_ Draw Lewis diagrams for O; and SO;. For ozone, ⁄OOO = 117°. For sulfur dioxide, 


⁄OSO = 120”. Explain. 


. The molecules CO,, HgCl;, and (CN); are linear. Draw Lewis diagrams and assign 


hybridizations for each atom. 


,_ Consider the series CO$”, NOzs, and SO;. What geometry do you predict for each? 
._ Construct an MO energy-level diagram for NO, NO", and NO”. Determine the bond 


order and the number of unpaired electrons in each. 


._ Describe the geometry and the hybridization in [PtCla] rấP 
._ Draw a qualitatively correct energy-level diagram for the CO; molecule. Show that ït 


accounts correctly for the presence o£ double bonds. 
Sketch the # bonds found in NOz, SO;, and NO”. 
From among the following molecules and Ions: 


Al,Gls SnCI1; SOT” BFs 
J2 150 SO; OPCGI; PFc 


list the ones that (a) are coordinatively saturated, (b) are electronically unsaturated, 
(c) contain bridging atoms, and (đ) are electron deficient. 


In the following series of electronically saturated and isoelectronic ions, the observed 
X—O bond distances have been determined: 


lon X—O Bond Length (Ả) 
SIOT 1.63 
E0. 1.54 
SOf_C 1.49 
C1O¿ 1.46 


Compare these data to the proper sum o£ radii from Eig. 2-15 to determine which of 
the above lons has signmificant Øøw-đr bond character. 


Use VSEPR theory to predict the bond angles in each of the following: 
(a) OF, (k) XeE; 


(Œb) SO, (Œ) BE; 
(c) CIF; (m) NO; 
(d) BrF; (n) NO; 
(e) BrE, (o) NO‡ 


(Ð SbF, (p) PC 
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(g) ICI; (q) PF; 
(h) OPCI, (r) PCl¿ 
() OSFE, (s) POI, 
(j) OI, 


19. Identify the molecules and ions in the preceding question that are 
(a) Electronically saturated. 


(b) Coordinatively saturated. 


C. Quesfions from the Literoture of Inorganic Chemistry 


1. The structure ofthe pentafluorotellurate monoanion has been determined by X-ray 
techniques. (See §.H. Mastin, R. R. Ryan, and L. B. Asprey, Imơng. Chem., 1970, 9, 
2100-2103.) What is the oxidation state of Te in this anion? Draw the Lewis diagram 
for the anion. Determine the occupancy and the formula AB,E, for Te, and explain 
any deviations from ideal geometry using VSEPR theory. 

2. Consider the compound (CH;);SnCT - 2,6-(CH;)„C;H;NO, whose structure has been 
determined by X-ray techniques. (See A.L. Rheingold, S.W. Ng, and ].]. 
Zuckerman, rgznometailics, 1984, 3, 233-237.) Determine a hybridization for each 
atom In the structure. This compound can be considered to be an adduct of which 
Lewis acid and which Lewis base? 


3. Sulfate becomes bound to four AI(CH;)s fragments in the dianion 
[Al¿(CH;);;SO,„]?”. (See R.D. Rogers and J.L. Atwood, Orgznomeialcs, 1984, 3, 
271-274.) Using the bond angles and lengths as a guide, decide ¡if the Al(CH;); 
groups alter the SOj” group significantly upon formation of the [Al¿(CH;)¡aSO¿]”~ 
product. Explain. 

4... The compound SnC]; can serve either as a Lewis acid (electron-pair acceptOr) Or as 
a Lewis base (electron-pair donor). In fact, it can do both, simultaneously. (See ©. €. 
Hsu and R. A. Geanangel, ixørg. Chen., 1980, 719, 110-119.) Draw a Lewis diagram for 
SnCl;. Give an example where the Šn atom serves as (a) an electron-pair donor, (b) 
an electron-pair acceptor, and (c) both a donor and an acceptor. In each of these 
cases, list the occupancy and the hybridization at the Šn atom. Is there a change in 
either hybridization or geometry when SnCÌ; serves as a Lewis base or a Lewis acid? 
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IONIC SOLIDS 


4-1 


4-2 


Introduction 


A great many inorganic solids, and even a few organic ones, can usefully be 
thought of as consisting of a three-dimensional array of ions. This ionic model 
can be developed in further detail in two main ways. 

First, It is assumed that the energy of this array of lons can be treated as the 
sum of the following contributions: 


1. Coulombic (electrostatic) attractive and repulsive energies. 

2. Additional repulsive energy that results from repulsion between the over- 
lapping outer electron density of adJacent Ions. 

3. A variety of minor energy terms, mainly van der Waals and zero point vi- 
brational energy. 


The important point here is that no explicit account is taken o£ covalent bond- 
¡ng. This is doubtless an oversimplification in eøery case, but evidently in many 
substances the pure ionic descripton leads to fairly accurate estimates of the en- 
thalpies of formation of the compounds. There probably ¡is a certain approxi- 
mate compensation so that covalent bond energy, which may actually be present, 
arises at the expense of a nearly equal amount o£ coulomb energy. Thus, so long 
as the covalence is small, the error involved in assuming that one form o£ energy 
exactly offsets the other is an acceptable approximation. 

Second, the main features of the structures ofionic solids can be understood 
by treating these substances as efficiently packed arrays of ions. To be efficient, 
the packng of ions in the structure of an ionic compound must maximize the 
number of contacts between oppositely charged ions, while simultaneously keep- 
ing ions of the same sign as far apart 4s possible. A set of radii (7„a, as defined in 
Chapter 2) for the different ions, together with a geometrical and electrostatic 
analysis, can enable us to understand why, for example, NaOl, CsCl, and CuCT all 
have different structures. 


The Lotfice Energy of Sodium Chioride 


We begin by considering how to calculate the enthalpy of forming a solid ionic 
compound from a dilute gaseous collecdon of the constituent ions. For defi- 
niteness, we shall first consider a specific example, NaCl. X-ray study shows that 
the atoms are arranged as in Fig. +1. If we assume that the atoms are ïn fact the 
ions Na* and CŨ", the energy of the array can be calculated in the following way. 
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Figure 4-T Six important ionic structures. Small circles denote metal cations and 
large circles denote anlons. 


The shortest Na”—C]” distance 1s called zạ. The electrostatic energy between two 
neighboring lons Is gIven by Eq. 4+2.]. 


2 


E (joules) = (c¿=88ñ1510..C mẽ Js) (4+2.1) 


TL€o7ụ 


where 1s the electron charge in coulombs, and eo Is the dielectric constant of a 
vacuum, as defined in Chapter ]. 

Each Na" lon ¡s surrounded by six CÏ” ions at the distance ?ạ (in meters) giv- 
ing an energy term 6e”/47eạz¿. The next closest neighbors to a given Na” ion are 
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12 Na" ions which, by simple trigonometry, lie 2n away. Thus, another energy 
term, with a minus sign because it is repulsive, is —12¿°/ Y2r4neo. By repeating 
this sort oŸ procedure, successive terms are found, which lead to the €XPT€SSIOn: 


p—_ Lụ| 6 122” 8` Ge” 
4mneg 


———— + ————-a—+-‹-- 
?ọ ^J2» ^l3 ực J 
cỄ 12. 8 6 24 Ha, 


4T(Eq 7a 
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The parenthetical expression in Eq. +2.2 is an infinite series. It eventually con- 
verges to a single value because the electrostatic interactions at great distances 
become unimportant. 

Ít is possible to derive a general formula for the infinite series and to fnd 
the numerical value to which it converges. That value is characteristic of the 
structure and independent of the particular ions present. It ¡is called the 
Madelung constant (MN„cị) for the NaC] structure. Thịs constant is actually an ir- 
rational number, whose value can be given to as high a degree 0Ÿ acCuracy as 
needed, for example, 1.747... or 1.747558..., or better. Madelung constants 
for many common lonic structures have been evaluated, and a few are given In 
Table 4+1 for illustrative purposes. The structures themselves (see Fig. +]) wIll 
be discussed presently. 

A unique Madelung constant is defined only for those structures in which all 
ratios Of interatomic vectors are fixed by symmetry. For the rutile structure there 
are two crystal dimensions that can vary independently. There is a different 
Madelung constant for each ratio of the two Independent dimensions. 

When a mole (N ions of each kind, where is Avogadro's number) of 
sodium chloride is formed from the gaseous lons, the total electrostatic energy 
released 1s given by 


2 


/2 
E =NMva| ——— 42.3) 
£ “[e=) ( 


This is true because the expression for the electrostatic energy o£ one CÏ' ion 
would be the same as that for an Na” ion. IÝ we were to add the electrostatic en- 
ergies for the two kinds o£ ions, the result would be twice the true electrostatic 
energy because cach pairwise interaction would have been counted twice. 

The electrostatic energy given by Eq. +2.3 is not the actual energy released 
1n the process 


Na†(g) + CI'(g) = NaCl(s) (+2.4) 


Table 4-ï  Madelung Constants for Several Structures 


Structure Type M 
NaOl 1.74756 
CsC] 1.76267 

”..... 5.03878 
ZImc blende 1.63805 


Wurtzite 1.64132 


mm. ˆ . . b.bbẽ.  .11ổ sanaacaacnaaa sa 
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Real ions are not rigid spheres. The equilibrium separation of Na” and CI in 
NaCl is ñxed when the attractive forces are exactly balanced by repulsive forces. 
The attractive forces are Coulombic and strictly follow a 1/zŸ law. The repulsive 
forces are more subtle and follow an inverse r” law, where ø is >2 and varies with 
the nature of the particular ions. We can write, in a general way, that the total re- 
pulsive energy per mole at any value oÊ 7 is 


E_ = (4+2.5) 


where ïs a constant. 

At the equilibrium distance, the net energy Ũ for Reaction 4-2.4 1s deter- 
mỉined by contributions from both repulsive (Eq. +2.5) and attractive (Eq. 2.3) 
forces. This is given by Eq. 2.6. 


U= -NMS. SE ]* sáo (42.6) 


where the algebraic signs are chosen in accord with the convention that the at- 
tractive forces produce an exothermic term, and the repulsive forces produce an 
endothermic term. 

The constant Ö can now be eliminated if we recognize that at equilibrium 
(where rz= ?ạ) the energy is, by definition, at a minimum. Hence, the deriva- 
tive of U with respect to ?, evaluated at r= 7y, must equal zero. Differentiating 
Eq. +2.6 we get Eq. +2.7: 


dU NMNe 
ÝịỊ xô con (49.7) 
ĐT ĐC 4f6Tna Tp 
T=ro 070 0 
which can be rearranged and solved for B 
B=Ê Mua „an c- (2.8) 


0 
4Ttegn 


When the result of Eq. 42.8 is substituted into Eq. +2.6, we obtain Eq. 4+2.9. 


NMu.ceŸ 
U- [-z) (+2.9) 


Tin, ? 


The value of ø can be estimated to be 9.1 from the measured compressibility of 
NaQ1. 

In a form suitable for calculating numerical results (in kj mol”) by using 7o 
in Angstroms, Eq. +2.9 becomes 


M 
U=-1389 —“ (4-2.10) 


Tọ ? 
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and inserting appropriate values of parameters we obtain Eq. +2.11. 


DI= -1389 2 [1 an] 
282 91 
U =-860+ 95 =—765 k] mol” (42.11) 


Notice that the repulsive energy (95 kJ mol”) equals only about 11% of the at- 
tractive (Coulombic) energy (860 kJ mol"). The total is, therefore, not very sen- 
sitive to the value of z. A small error in the estimation of ø from compressibility 
data is not highly signifiicant. For instance, If a value of ø= 10 had been used, an 
error of only 9 kJ mol" (or 1.2%) would have been made. 


Generolizdœtion of the Lattice Energy Colculotion 


As mentioned in Section +2, the Madelung constant is determined solely by the 
geometry of the structure. For an ionic structure that 1s the same as that o£ NaCl, 
but where each 1on has a charge of #2 (as in MgO), the Madelung constant for 
NaC]l can still be used. It is only necessary to modify Eq. +2.9 to replace the 
quantity =e” with the appropriate charges. For MgO, this would be (22(-22). In 
general, Eq. 4+2.9 becomes Eq. +3.]. 


Si 
_ NMu,jZ £ (--] (4-3.1) 


Equation 4+3.1 may be used for any structure whose Madelung constant 1s Mñšy„e¡, 
and where the ions have the charges Z” and Z. 

The value of ø can be estimated for alkali halides by using the average of the 
following numbers: 


Me 5 Km 10 
Ne 7 Xe#@y12 
Ar 9 


where the noble gas symbol denotes the noble gaslike electron configuration o£ 
the ion. Thus, for LiE, an average of the He and Ne values (5 + 7)⁄2 =6 would 
be used. 


The Born-Hober Cycle: Experimentol 
Approdches to Lafiice Energies 


One test of whether an ionic model is a useful description of a substance 1s the 
ability of the model to produce an accurate value for the enthalpy of formation 
of the substance. It is not possible, though, to measure the enthalpy of Reacuon 
4-9.4 or its reverse. Ït is not experimentally feasible to do so because NaCl does 
not vaporize to give Na" and CIL-. Rather, it vaporizes to give NaCl(g) and, de- 
pending on temperature, a number of aggregates, (NaCl) „(g), which đissociate 
at very high temperatures into atoms. 


130 


Enthalpy, kJ mol”! 


800 


700 


600 


500 


400 


Chopter4 /_ lonic Solids 


Figure 4-2 The Born-Haber cycle for NaCl. 


To circumvent this problem, the Born-Haber thermodynamic cycÌe is used. 
Thị 1s 1llustrated in Fig. +2. The cycle 1s useful because the formation of NaCl(s) 
from the elements according to Reaction 4-4.]: 


Na@) +¿ Cl,(g) ——> NaClI(@) (4-4.1) 


can be broken down into a series of steps. If the enthalpies of these steps are 
added algebraically, the result must equal the enthalpy for Reaction 44.1, which 
1s the enthalpy o£ formation (AH) for NaOl(). 


AH?= AHt%¿ + š AHf% + AHRA + AHs + U (4-4.2) 
Each term In Eq. +4.2 corresponds to a step in the cycle shown ¡in Fig. 4-2. The 
enthalpy terms corresbond to the vaporlzation of sodium (A vap); the dissocla- 
tion O£ CỈ; into gaseous atoms (AHộ;,), electron attachment to Cl(g) to give 
Cl(g) (AHÿA), the first ionizatlon enthalpy of a gaseous sodium atom (AH? _), 
and the formatlon of NaC](s) from gaseous ions (). 

Any one of the enthalpies in Eq. 4+4.2 can be calculated if the others are 
known. For NaCl all the enthalpies except Ưhave been measured independentty. 
The following summation can thus be made: 


) 
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AH? -411 
-AH,„ -108 
-‡ H3 =T—121 
-AH?, 349 
-AH?.„ —509 
h ..a... (4-4.3) 


The result is within 1% of the value of  obtained in very precise calculations. 
Thịs good agreement supports (but does not prove) the idea that the ionic 
model for NaCl is a useful one. 


lonic Rodii 


In a manner similar in principle to that in which covalent radii were estimated, 
1t 1s possIble to assign radii to Ions. The internuclear distance đ between two ions 
1n an ionic structure 1s assumed to be equal to the sum of the radi of the lons: 


_ k=x, lu số Lấã (45.1) 


By comparing distances in different compounds with an ion in common, it can 
first be shown that the radii of ions are substantially constant. For example, the 
difference in the radii of K" and Na” can be evaluated in four different halides. 


Tẹt — Tyet = đẹp — đụjg = 0.85 Ã 
= địn — đao = 033Á 
= mm x... 
= đạc — đv¡ = 0.30 Ä 


Actually, the apparent trend as the halide ion size increases is a real effect that 
can be ưnđerstood in terms of packing considerations, but we shall not discuss 
that topic further. Suffice it to say that IÍ (+ — ?qạ+) 1S substantially constant, It is 
reasonable to assume that ¿+ and „+ are themselves substantially constant. 

Ít is easy to work out extensive sets of sums and differences Of Ionic radii. 
Then, provided that the actual radius of any one ion can be evaluated, the radii 
of all of the ions will be determined. Although this problem has no rigorOUs SO- 
lution, Pauling proposed a practical one, namely, that for twO lons with the same 
noble gas configuration, say Na” and E”, the ratio of the radii should be inversely 
proportional to the ratio of the nuclear charges felt by the outer electrons. 

The nuclear charges that are felt by the outer electrons are the effective nu- 
clear charges defined in Section 2-6. For Na” and F”, the cffective nuclear charge 
is given by Z*= Z— Ø. In each case, the value of the screening constant Ø Tàn HD 
Th¡s value is the same for the isoelectronic Ne. The calculations develop as fol- 
lows: Z*(Na*) = 11.00 — 4.15 = 6.85, while Z*(F”) = 9.00 — 4.15 = 4.85. Hence, 
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according to Pauling”s proposal, the rado o£ the ionic radii should be given by 
Eq: +5.2- 


TNa? - 4.85 
„ — 685 


=0 1 (+5.2) 


Since the internuclear distance in NaF ¡s 2.31 Ả, we have Eq. +5.3. 
Tyy+ + c = 9.31 (4-5.3) 


Treating the ratio (Eq. #+ð.2) and the sum (Eq. +5.3) as a pair of simultaneous 
equations in two unknowns, we obtain the individual radii: 


re = 1.35 Ả 
?y.+ = 0.96 Ả 


We have outlined Pauling's method of determining ionic radii because it 
straightforwardly shows the two principal steps in any procedure for esumating 
sụch radii: (1) making radii addidve and (2) finding a way to divide up the sums 
of cation and anion radii into separate, individual radi. However, since the first 
efforts by Pauling and others in the 1990s to determine useful sets of radii, a 
great deal of sophisticated work has gone into this activity, and many tabulations 
have appeared. Today, there is a widely used, extensive set of radii, where the 
coordination number ¡s taken into account. These are the Shannon and Prewitt 
radii mentioned previously in Section 2-7. These radii are listed in Appendix 
IIC. 


Geometries of Crystadl Lofflices 


Figure 4+1 shows six of the most Important structures formed by essentially Ionic 
substances. All of these structures have a common qualitative feature: The lons 
are packed to maximize the contacts between those of opposite charge and to 
minimize repulsions between those of the same charge. In a three-dimensional 
sense, lons of opposite charge alternate. The nearest neighbors of one ion are 
1ons 0 opposite charge. However, this qualitative idea alone does not account 
for all of the features that can be seen in Fig. +1. For AB-type compounds we see 
four structure types. Consider first those o£ NaCl and CsC]. The difference 1s that 
in the NaCl] structure each cation has six nearest neighbor anions, whereas in the 
CsC] structure each catlon has eight such neighbors. We say that the c0ørđinatiơn 
rumbers Of the catlons are six andl eight, respectively. In both the zinc blende and 
WUTZIt€ structures the cation has a coordination number of only four. Again, for 
AB.-type compounds there is a fluorite structure where the cation coordination 
number Is eight and a rutile structure where it is six. Why does a particular AB 
or AB; compound adopt one and not another of these structures? 

The answer lies partly In a consideration of the relative sizes of the ions. 
Anions are almost always larger than cations, since the net excess of nuclear 
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Figure 4-3 Thc gcometry of the crystal lat- 
tice for CsCl. 


charge on cations draws their electron clouds in, while the excess of negative 
charge on anions causes the electron clouds to expand. The optimum arrange- 
ment should allow the maxinum number of oppositely charged ions to be 
neighbors without undulÌy squeezing together ions of the same charge. Thus the 
greater the ratio oÊ cation to anion size, the higher the coordination number of 
the cation can—and should—be. That is why the relatively large Cs” ion sur- 
rounds itself with eight CL" ions, but for the smaller Na” ion there are only six. 

It is possible to treat this idea in a semiquantitative way, by finding for each 
structure that ratdo (r"/r”) for which the anions just touch one another while 
making contact with the cation. We shall call this situation perfect packing. For 
the CsC] structure, the relevant geometric relations (Fig. +3) are as follows. 

First, the amions Just touch one another along the edge zø of the cube. The 
radii of the two anions, therefore, combine to give the length of the cube edge, 
asin Eq. +6.]. 


2y =ø : (46.1) 
Second, the caton touches each anion along the body diagonal of the cube, 
which has length aŸ3. The cation-anion distance is therefore one-half this dis- 
tance, as1n Eq. 46.2. 


"SP ====ứi (4-6.2) 


Equations +6.1 and +6.2 define the geometric requirements for perfect packing 
Of lons in the CsCk-type crystal lattice. Both equations are satisfied for values of 
r“andrzr such thatz /?”= 1.37. Similar considerations suggest that perfect pack- 
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Table 4-3 Radius Ratios rz /z' for Several Crystal Structures, 
and the Resulting Coordination Number of the Cation 


Structure Ideal Cation Coordination 
Type Valuesf Number 
CsG1 J7 8 
NaCl 2.441 6 
ZnS 4.44 4 


“These values correspond to perfect packing, that is, they give a perfect match between the size of 
the anion and that of the cation. 


¡ng for octahedral coordination number six is achieved when z~/z* = 9.44. Also, 
the tetrahedral coordination number four is preferred when zT/r” = 4.44. This 
1s sunmar1zed in Table +3. 

It should be stressed, however, that the foregoing analysis, which is based on 
1On s1zes, 1s onÌy a part of the picture. It works best for compounds that are most 
truly ionic (namely, alkali and alkaline earth halides, oxides, and sulfiides) but 
even some of these compounds do not obey predictions based solely on the ra- 
dius ratio. Coordination numbers often are lower than expected for compounds 
in which the ions are highly polarizable [e.g., copper(I) and zinc compound§]. 

In a case where the cation is very small relative to the anion (?F/r” > 4.44), 
iC will be impossible to achieve good cation-anion contact, even when 
anion-anion contacts are very close. Thus, lonic salts of this type are relatively 
unstable. Salts of the small cations Lï*, Be”*, AI”*, and Mg? with large polyatomic 
anions (e.g., ClOz, CO”, NOz, O;) or even monatomic anions, such as CE”, Br”, 
and I, are cases in point. The consequences of this are threefold. 


1. In some cases, the anhydrous compounds are unstable relative to hy- 
drates in which the cations surround themselves with water molecules. 
Thus Mg(C1O¿); is a powerful absorbant for water, and lithium perchlo- 
rate forms a stable hydrate (LiCIO, - 3 H;O), whereas the other alkali 
metal perchlorates do not. 

2. In other cases, the result of the bad packing is thermal instability. Thus, 
the large polyatomic anion decomposes to leave behind a smaller one 
that can pack better with the small cation. Examples are 


lÔ nh bạ cÓoa (4-6.3) 
2 NaO; —> Na;O +$O; (46.4) 
4Be(NO;)¿ —> Be,O(NO,);+ N;O„+‡ O; (46.5) 


3. The solubility relations are related to point (1). Thus LICIO, 1s about 10 
tỉimes as soluble as NaClO, which, in turn, is about 10” times as soluble as 
KCIO,, RbClO„, and CsCIO¿. This trend ¡s due partly to the solvation en- 
thalpies of the cadons decreasing as they increase in size, but is enhanced 
by the fact that poor packing of the small Lí” and Na” catons with the 
large ClO¿ ions decreases the intrinsic stability of the crystals. 
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Siructures of Ilonie Substances Bosed 
on Close Packing of Anions 


Close Poacking of Spheres 


The structures of many inorganic substances can usefully be regarded as essen- 
tially infñinite arrays of spheres that are packed efficiently into three-dimensional 
space, that 1s, tO OCCUDY the least possible volume. This statement ¡s true both of 
the metals to be discussed in Section 8-6, and of those ionic substances for which 
the anions are considerably larger than the cations. In the latter case, large 
spherical anions are arranged in space in a so-called close-packed pattern to be 
described shortly. We will show that the close packing o£ spherical anions In 
three dimensions results in the creation of specific types, numbers, and arrange- 
ments of interstices (or holes) between the anions, into which the relatively 
smaller cations ñt. Thus, instead of defning the unit cell, an alternate descrIp- 
tion of the structure of an ionic substance can be given by stating the shapes and 
numbers of holes (between anions) in which the cations are found to reside. To 
use this approach, it is necessary to understand the close-packed structures that 
arise from the stacking of layers of spheres on top o£ one another. 

Figure +4 shows the close packing of spheres in a single layer. The pattern 
that is produced is an array of contiguous equilateral triangles. A second layer of 
spheres can now be laid down over the first. There is only one way that this can 
be accomplished so as to use space most efficiently: Atoms in layer B are placed 
so that they nestle into the depressions between spheres in layer A. Thịs stacking 
is called the close packing of spheres in two layers, and it ¡s depicted im Eig. 
4ð(2). It is also shown in Structure +[I, in which the pattern is represented by 
only the centers of the spheres, plus connecting lines between the spheres in 
each separate layer. Four things should be noted in Fig. +ð (2). First, two types of 
interstices (or holes) are created between layers A and B. Each hole has the 
shape of either an octahedron or a tetrahedron. Second, as seen in Structure 4+ 
I, only one half of the depressions between spheres In layer A become covered 
by spheres in layer B. (This ñnding wIll shortly become important, when we 
place a third layer on top of the first two.) Third, twice as many tetrahedral holes 
exist between layers A and B as octahedral holes. Fourth, as shown In Fig. 4+5 (2), 
the octahedral and tetrahedral holes between layers A and B are arranged in a 
regular pattern, as follows: All tetrahedral holes share edges (but not faces) with 
adjacent tetrahedral holes. Thus part of Fig. +5(a) can be described by saying 
that we have drawn two tetrahedra sharing an edge. Also, all octahedral holes 
share edges with adJoining octahedral holes, but they share faces only with adja- 


^ 


“` ` 
"Xằ@GẶằG<- 


Figure 4-4  Close packing of spheres in a 
single plane. 
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Figure 4-5 Diagrams showing the shapes and arrangements of interstices or holes formed be- 
tween spheres in close-packed arrays. (2) One of the octahedral and two of the tetrahedral holes 
formed between two parallel layers of close-packed spheres. (j) One view of the tetrahedral holes 
formed by three parallel layers of spheres in the cubic close-packed structure. Atoms in layers C 
and B form one set of tetrahedra, whereas those in layers A and B form another set. () An alter- 
nate view of the cubic close-packed array of spheres, emphasizing the way tetrahedral holes 
formed by spheres in layers C and A share edges with tetrahedral holes formed by spheres from 
layers A and B. (đ) Three layers of spheres from the hexagonal close-packed structure, showing 
how tetrahedral holes formed by spheres from layer B and the top A layer share faces with those 
formed from spheres in layer B and the bottom A layer. 


cent tetrahedral holes. That is, octahedral holes are never found to share a face 
with nearby octahedral holes in the pattern created by close packing of spheres 
in two layers. Therefore, Fig. +ð(2) shows an octahedral hole sharing a face with 
one of the two tetrahedral holes, which in turn shares only an edge with the ad- 
joining tetrahedron. ]t is interesting to note that, in order to define the close 
packing of spheres in two layers, we need only define the arrangement of the oC- 
tahedral and tetrahedral holes. The positions of the spheres are taken to coin- 
cide with the vertices of the holes. 

To continue the build up of a close-packed structure in three dimensions, 
only a third layer of close-packed spheres needs to be added to the two layers Of 
Fig. 45 (2). We will see that there are two distinct ways to place a third layer on 
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top of the first two. In each case, the spheres of layer C nestle into depressions 
between the spheres in layer B. But, as shown in Structure 4l, these depressions 
are Of two types: those residing over octahedral holes found between layers A and 
B, and those residing over tetrahedral holes found between layers A and B. The 
arrangement of the spheres (and hence, the shapes and arrangements of the 
holes created between the spheres) in these first three layers can then continue 
to create the entire structure. The fñrst possibility gives rise to cubïc close pack- 
ing, whereas the second gives us hexagonal close packing. Let us now cexamine 
cach of these in đetall. 


Cubic Close Packing of Spheres 

When the third layer of spheres is placed on top of layers A and B so that the . 
spheres in layer C lie over the octahedral holes created by layers A and B, then 
a cubic close packed (ccp) array of spheres is formed. This pattern, when viewed 
from the top, as in Structure 4+II, does not superimpose spheres of layer C with 
spheres of layer A. Therefore, the three layers are geometrically distinct from 
one another, and the pattern is described as ABC. If a fourth layer ¡is added so as 
to coincide with the first layer, we have the pattern ABCABCABC..., and so on. 
The traditional view of a ccp array, emphasizing the cubic symmetry of the unit 
cell, 1s given In Structure +III. 
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As an alternative to specifying the positions of the spheres, the cubic close- 
packed structure can be described in terms of the arrangement of octahedral 
and tetrahedral holes. For instance, in the ccp structure, tetrahedral holes in ad- 
Joming layers are oriented between parallel layers A, B, and €, as shown in Fig. 
4+5(0). Here, the tetrahedral holes created by spheres in layers B and C are stag- 
gered with respect to tetrahedral holes created between layers B and A. 
Eurthermore, these two layers of tetrahedral holes share spheres in layer B as 
Cormamon vertices. 

A slightly different view of the ccp array is given in Eig. +5(©). Here, other 
Øroups of tetrahedral holes between adjoining layers share edges. Thus adjacent 
tetrahedra in the ccp structure variously share either vertices [Eig. #+ð5()] or 
edges [Fig. +5 (¿) |. There 1s, however, no sharing of faces between tetrahedra in 
the ccp structure. All tetrahedral holes share faces only with adJacent octahedral 
holes in the ccp structure. This is one of the differences between the ccp struc- 
ture and the other close-packing possibility: hexagonal close packing. 


Hexagonal Close Packing of Spheres 

The hexagonal close-packed (hcp) array is formed when the third layer of 
spheres is placed on top of layers A and B so that spheres in layer C lie over the 
tetrahedral holes created by layers A and B. When viewed from the top, this pat- 
tern superimposes spheres in layer C over those in layer A. Since this arrange- 
ment makes the fñirst and third layers equivalent, the stacking pattern may be sim- 
ply depicted AB. When repeated indefinitely, we have ABABAB...., and so on. 
A portion of an hcp array is shown in Fig. +ð(đ). Here we see that, unlike ccp, 
tetrahedral holes formed by the first and second layers of spheres do share faces 
with tetrahedral holes formed by the second and third layers oÊ spheres. 

Another useful disinction between the ccp and hcp structures can be seen 
by examining the diferent ways in whích edges and faces of adjoining octahedra 
are shared. A different view of the ccp structure is given In Fig. +6(2). Thịs view 
places the ABC planes at a 45° angle to the horizontal plane. Äs shown ¡in Fig. +6(42), 
in the ccp structure, adJoining octahedra share, at most, an edge. Furthermore, ad- 
joining octahedra in the ccp structure never share faces. In contrast, as shown In F 1g. 
46(), in the hcp structure, octahedra share faces as well as edges. 
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Figure 4-6  Diagrams showing the arrangements of the octahedral holes in the two close- 
packed structures. (a) Adjacent octahedral holes in the cubic close-packed structure, emphasiz- 
ing the fact that octahedral holes share edges but not faces with one another in this structure. 
The parallel planes of spheres (A, B, and C) are oriented at a 45” angle to the horizontal plane. 
(b) Four octahedral holes in the hexagonal close-packed structure, emphasizing the fact that oc- 
tahedral holes in this structure share both edges and faces with one another. 


lonic Subsiances 


The structures of many ionic substances can be elegantly described using the 
close-packed structures defñned previously. Since the anions are typically larger 
than the cations, we generally ñnd (1) that the anions adopt either the ccp or 
the hcp structure, and (2) that the cations occupy particular octahedral or tetra- 
hedral interstices. Consider NaCl, whose ionic lattice was illustrated in Eig. +]. 
An equally correct but alternative description of the structure of NaC] is to say 
that the chloride anions adopt a cubic close-packed array, with a sodium cation 
residing in each of the octahedral holes. Table 4-4 lists similar descriptions of the 
structures of ionic substances, chiefly halides and oxides, using the close-packed 


Table 4-4  A Dcscripuon of the Structures of Ionic Substances 
Using the Concept o£ Close Packing of Anions 


Structure of 


Formula the Anions Location of the Cations 

Cdl; hcp Catlons occupy octahedral holes in every other layer 

CdC]; ccp Catlons occupy octahedral holes in every other layer 

NaOl ccp Cations occupy all octahedral holes in every layer 

BI; ccp Cations occupy two-thirds o£ the octahedral holes in every other layer 
Al:Os hcp Catlons occupy two-thirds of the octahedral holes In every layer 
CaHO; hcp Fe?" and Ti” ions jointly occupy two-thirds of the octahedral holes 
Na¿S ccp Catlons occupy alÏ of the tetrahedral holesZ 


“This is the so-called antifluorite structure. The structure o£ CaF; (fluorite) can be regardecd as being formed 
from a ccp array of cz#iơns, with anions occupying all of the tetrahedral holes. 
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Figure 4-7  A poruion of the Cdl; structure. 
Small spheres represent metal cations. 


approach. As a further example, consider CdI;, whose structure is given in EFig. 
4-7. This structure is adopted by a number of MX; compounds. The anions are 
hcp and the metal ions occupy octahedral holes, but only in every other layer. 
The compound CdC]; has a ccp array of anions, again with every other layer of 
octahedral holes fully occupied by cations. Substances having this type of a lay- 
ered structure, with every other layer of octahedral holes unoccupied by cations, 
are often flakey crystalline solids, making cleavage along the vacant planes easy. 
In the Bl; structure, which ¡is adopted by many MX; compounds, every other 
layer of octahedral holes in a ccp array of anions 1s partially occupied by catons. 

Corundum, the œ form of AlzO;, has an hcp array of oxide lons with two- 
thirds of the octahedral holes occupied by cations, but not in a layered fashion. 
This important structure is adopted by many other M;O; compounds. Some ex- 
amples are Fe;O¿, VạO;, and Rh;O¿. 


Mixed-Metal Oxides 


There are a large number of metal oxides, of great scientifiic and technical im- 
portance, which are essentially lonic substances. Many contain two or more điÊ 
ferent kinds of metal ions. These oxides tend to adopt one o£ a few basic, gen- 
eral structures, the names of which are derived from the first compound (or an 
important one) found to have that structure. 


The Spinel S†tructure 


Spinel is a mineral (MgAl,O,). The structure is based on a ccp array of oxide 
ions, with Mg”” ions in a set OŸ tetrahedral holes and AI” ions in a set of octahe- 
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Figure 4-8 The perovskite structure. 


dral holes. Many substances of the types M”'(M );O¿, M'*(M”*);O,, and 
M°*(M*),O, have this structure. More highly charged cations tend to prefer the 
octahedral holes so thatin M?*(MỶ?)zO¿ compounds the octahedral holes are oc- 
cupied by all the MT” ions and one-half of the MỸ” ions. 


The llmenite S†ruc†ure 


Ilimenite is the mineral FeTiO¿. Its structure ¡s closely related to the corundum 
structure except that the cations are of two kinds. In ilmenite the cations are bo 
and Ti”, but many substances with the ilmenite structure have cations with 
CiargeS oL (+, tổ) otF9(0969M 


The Perovskite S†ructure 


Perovskite is the mineral CaTIO:. Its structure, shown in Fig. +8, is based on a 
ccp array of oxide ions together with large cations, similar in size to the oxide 
ion. The smaller cations lie in octahedral holes formed entirely by oxide lons. 
Again, the individual cadion charges are not important so long as their sum is +6. 
The structure is adopted by many fluorides with cadons of disparate sizes, such 
as KZnEa. 


STUDY GUIDE 


Scope and Purpose 


The fundamental aspects of the bonding within ionic compounds have been dis- 
cussed. In developing the model of ionic bonding, a complete lack of covalency 
has been assumed. In addidon, we have treated the simplest cases, those involv- 
¡ng spherical ions. Where compounds are not perfectly ionic, or where complex, 
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nonspherical ions are to be packed into a crystal lattice, the description of the 
bonding 1S not quite so straightforward. Suill the principle of most efficient pack- 
¡ng requires the same sorts of electrostatic and geometric considerations as have 
been presented here. The study questions marked “A. Review” requrre a straight- 
forward understanding of the material presented in the chapter. Those study 
questons under “B. Additional Exercises” require application. 


Study Questions 


A. Review 
1. What are the two main contributions to the cohesive energy of an ionic solid? 
2. What is a Madelung constant? Why can the same Madelung constant be used for 
seemingly different substances? 
3. What is ø in the Born expression for the non-coulomb repulsive energy? What are 
typical values for 
4. Use Fig. +2 as a guide and write out balanced chemical equations for each step in 
the Born-Haber cycle for CrN, KF, and MgO. 
5. What proposal did Pauling make to estimate the ratio of the radii of certain 
anion-cation pairs? 
6. Define the coordination number o£a cation in a crystal lattice. Why are we more con- 
cerned with the coordination number of the cation than the anion? 
7. Describe a close-packed layer of spheres. 
8. Show, with drawings, the two different ways to stack three close-packcd layers of 
spheres. 
9. Explain the difference between cuụbic and hexagonal close packing. 
10. How are the ilmenite and corundum structures related? 
11. What is the name of the mineral whose formula ¡is MgAl;O„? What other cation 
charges can exist in mixed oxides of this structure? 
12. For the perovskite structure to occur, what must be true of the sizes of the cations? 
13. How are the fluorite and antifluorite structures related to one another? 
14. As a means of becoming acquainted with the hole arrangements in the ccp and hcp 
arrays, prepare simple drawings of the following structures: 
(a) Two tetrahedra sharing an edge. 
(b) Two tetrahedra sharing a face. 
(c) Two octahedra sharing an edge. 
(đ) Two octahedra sharing a face. 
15. How are the corundum, ilmenite, and perovskite structures related? 


B. Addiiiondl Exercises 


1. 


4. 


Consider a line of alternating cations and anions. Evaluate the Madelung constant to 
within 1%. 

Design a cycle of the Born-Haber type to evaluate the enthalpy of the reaction 
NH;(g) + Hˆ(g) — NH¿(g). 

For MgO, which has the NaCl sưructure, the unit cell edge is 4.21 À. se the ap- 
proach of Pauling to evaluate the radii of Mg?” and O””. Compare your results with 
those of Table 4-2. 

What is the coordination number of each atom in the hexagonal close-packed struc- 


ture? 


144 


ChoplerA /  lonic Solids 


B1, 


18. 


19. 


Use a Born-Haber cycle to calculate the energy of electron attachment to O(g) to 
form C) (bÌ. You will need the information in Problem 4, part Â, 2s well as the fol- 
lowing: AH7o£ MgO(s) = —602 k]Ị mol”; lH, of Mge= 150.9 kJ mol”; AH¡„ of O; = 
497.4 kJ mol”; AH,¿a(1) + AHia(2) for Mg = 2188 kJ] molF'. 

Table 4-3 lists the rados r/z* for ø#ƒ#ct packing in structures having coordination 
numbers of four, six, and eight. Ín practice, a range of values for these ratios is ob- 
served within a series of compounds having the same structure. The typical ranges 
for the three coordination numbers are (4.44 — 2.44) for coordination number fOUr; 
(2.44 — 1.37) for coordination number six; 1.37 and below for coordination number 
eight. With this in mind, predict coordination numbers of four, six, or eight for the 
compounds NaEF, KBr, and IGII 


._Why do you thìnk the value of zin the Born repulsion expression can be estimated 


from compressibility data, namely, the change in volume suffered by a substance for 
cach unit change in pressure? 

Both NaH and LïH adopt a structure with H” anions forming a ccp array and cations 
occupying every octahedral hole. The length of the unit cell edge o£ NaH ¡s 4.88 A, 
whereas that of LH ¡s 4.08 Ả. Use the approach of Pauling to estimate the ionic radii 
of Na", Lï*, and H”, and compare your results to those ïn Table 42. 

Consider the formulas and the structures o£ Na;S, CdCl;, and NaC]1, as listed in Table 
444. Deduce the number of octahedral and tetrahedral holes per anion, in the ccp 
structure. 


._ How can the structure of CdCl; be used to construct the lattice of NaCl? 
._ Draw the unit cell for perovskite, emphasizing the octahedral hole into which a small 


cation fits. 


._ Redraw the unit cell of perovskite (Eig. +8) choosing the center of the cube to be the 


large cation, rather than the small cation. This produces a completely valid, alternate 
unit cell. What is the shape of the hole in which the large cation now resides? 


._Lithium fluoride (LiF) adopts the NaCl structure, whereas CsĨ adopts the CsC] struc- 


ture. Use the radius ratio approach to explain this. 


._ Use Pauling”s approach to estimate the ionic radii of Li” and E”, given that LIF adopts 


the NaCl structure, with a unit cell edge of 4.02 Ả. 


. Compare the unit cell of zinc blende (Fig. +1) with that of diamond [Fig. 8-2(2) ]. 


'What similarities are there between these two structures? 


.‹ _Use Pauling”s method to estimate the ionic radiI o£ Cs” and E”, given that CsÍ adopts 


the CsCl structure, with a unit cell edge of 4.56 Ả. 


. The distance between a Cst and a Br' ion in CsBr is 3.79 Ả. Knowing that this sub- 


stance adopts the CsC] structure, determine the unit cell edge of CsBr. 


Based on the data of Table +3, determine the radius ratios (z/r”, using Pauling”s 
values from 'Table +2) for LH, LIE, CsÍ, and CsBr, and assign expected coordination 
numbers for the cations in these compounds. 


Study the unit cell drawings found in the chapter for NaCl, zinc blende, perovskite, 
rutile, CsOl, and fuorite. Next, go through the exercise of assigning each atom to 
one of the following locations of the unit cell: corner, edge, face, or internal to the 
unit cell. Now deduce the empirical formula of each substance based on the struc- 
ture oÊ the unit cell, and the number and locations (corner, edge, face, or internal) 
Of the various atoms. Hn¿: Realize that, in an ionic lattice, each corner atom is shared 
by eight contiguous unit cells. Each corner atom therefore contributes only one- 
ciphth to a given unit cell, Likewise each edge atom ¡is shared by four unit cells, and 
therefore contributes only one-fourth to any one unit cell. Every face atom similarly 
contributes only one-half to cach unit cell, being shared in ionic substances by two 
adjoining unit cells. Atoms that reside within the unit celÌ (internal atoms) are as- 
signed completely to that unit cell, since no other unit cell shares its contribution. 
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THE CHEMISTRY OF 
SELECTED ANIONS 


Introduction 


Wb© have thus far discussed covalent bonding and some of the characteristics of 
sinple ionic compounds, that is, compounds consisting mainly o£ monatomic 
cations (e.g., Na' or Ca””) and monatomic anions (€.g., Fˆ or O”). However, 
much of Inorganic chemistry deals with ionic compounds of more elaborate 
types. In these types, either the cation, or the anion, or both of them are poly- 
atomic specles, within which there are bonds and stereochemical relationships 
analogous to those within the uncharged polyatomic specles that we call mole- 
cules. 

The next two chapters consider the properties Ofamions and cations In more 
detail, with particular, though not exclusive, reference to the more complex 
polyatomic members of each group. The chemistry of cations is generally called 
coordinatiơnw chemw¿stry and 1s discussed in Chapter 6. Here, the general properties 
Of anions, as well as the specific chemistry of some of the more Important ones, 
are outlined. 

One term that must be defined here, in a preliminary way, is gưnds (al- 
though the subject will be covered in detail in Chapter 6). When an anion (or 
other group) is bonded to a metal ion, it is called a higand. 

Wc may classify amions as follows: 


1. Simple anions, such as E3 0CN. 

2. Discrete oxo anions, such as NOzs or SO£2. 

3. Polymeric oxo anions, such as silicates, borates, or condensed phos- 
phates. 

4. Complex halide anions (e.g., TaF¿) and anionic complexes containing 
multibasic anions (e.g., oxalate). An example of an oxalate is 
[Co(CaO„)s]”. 


Some of these, such as the oxide ion O”, or most silicate anions, can exist only 
in the solid state. Others, such as chloride ion (CT”), can also exist in aqu€ous sO- 
luton. Furthermore, some elements that form anions (notably the halogens, O, 
and S) may be bound to other elements by covalent bonds as in PCI;, CS,, or 
NO:. 

More complex anions, such as dithiocarbamate (R„NCS:) or acetylacetonate 
(CH,COCHCOCH;), which occur mainly in coordination compounds, are dis- 
cussed in Chapter 6. The compounds involving carbanions such as CH;, C¿H, 


Ti 
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or C;H; (Chapter 29) are described separately, since they constitute a very di£- 
ferent class of compounds. Hydride (H”) and complex hydrido ions (BH¿ and 
AIH¿) are also more conveniently treated separately (Chapters 9, 12, and 13). 
The most extensive, important, and varied classes of anions are those containing 
oxygen, and we discuss them first. 


The Oxide, Hydroxide, and Alkoxide lons 
Oxides 


The nature of several important oxide lattices has been discussed in Chapter 4. 
Discrete O®~ ions exist in many oxides but the ion cannot exist in aqueous solu- 
tions owing to the hydrolytic reactlon 


O°~@œ) +H:O=2 ØW (4q) K si (5-2.1) 
As an example, consider Eq. 5-2.2. 
CaO(s) + HạO ——> Ca”*(aq) + 2 OH-” (5-2.2) 


Thus only those ionic oxides that are insoluble in water are inert to it. When ín- 
soluble in water, they usually đissolve in dilute acids, as in Reaction ð-2.3: 


MgO(@s) + 2 H*(aq) ——> Mg”*(aq) + HạO (5-2.3) 
lonic oxides function as basic anhydrides; they react with water to produce aque- 
ous metal hydroxides (Reaction ð-2.2) or with acids to produce water (Reaction 


B-2.3). 
In contrast, the covalent oxides of the nonmetals are usually acidic in water. 


N;O; + HO ——> 2 Hˆ(aq) + 2 NOzs(aq) (5-2.4) 


When insoluble in water, as for some of the oxides of less electropositive metals, 
these acidic anhydrides suill generally dissolve in base. 


Sb,O;(s) + 2 OH" +5 H;O — 2Sb(OH)s (5-2.5) 


Basic and acidic oxides will often combine directly, as in Reaction ð-2.6. 


NayO+Si,O— %5 fWOjO.. (5-2.6) 
Base Acid 


Amphoteric oxides behave as bases towards strong acids and as acids toward 
strong bases. An example is ZnO, as in Reactions 5-9.7 and 5-2.8. 


ZnO +2 H'(aq) —> Zn”' + H,O (5-2.7) 
ZnO +9 OH + HạO ——› Zn(OH)? (5-9.8) 
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Some relatively inert oxides đissolve neither in acid nor in base. Examples 
ar€ N,O, CO, and MnO;. When MnO, does react with concentrated hydrochlo- 
ric acid, it is a redox reaction, not an acid-base reaction, which takes place be- 
cause the Mn”” ion ¡s unstable and reacts with CI”, as in Reaction 5-2.9. 


4H"+2ŒCI +MnO; ——> Mn?* + 2 H,O + C1; (5-2.9) 


Some elements form several oxides. For chromium, the most stable oxide is 
chromium(ITH) oxide (CrạO;), which is formed when the metal or other oxides 
are heated in air. It is amphoteric, as described in the section below on hydrous 
oxides. The oxide with chromium ¡in the highest oxidaton state is 
chromium(VI) oxide (CrO;), which is an acidic anhydride. 


CrO; + HạO —> H;CrO, (5-2.10) 


Chromic acid 
In contrast, chromium(TT) oxide (CrO) 1s a basic anhydride. 


CrO + HạO —> Cr(OH); (5-2.11) 
(unstable) 


Ít is typical of all elements capable of forming several oxides that the oxide with 
the element in the highest formal oxidation state is most acidic, while that with 
the element in the lowest formal oxidation state 1s most basic. 


Hydroxides 


Discrete OH- ions exist only in the hydroxides of the more electropositive ele- 
ments such as Na or Ba. For such ionic materials, dissolution in water results in 
the formation of aquated metal ions and hydroxide ions, as in Reaction 5-2.12 


M'OH-(s) + ø HO ——> M (aq) + OH (aq) (5-2.12) 
and the substance is a strong base. 
In the limit of an extremely covalent M——O bond, dissociation wilÏ occur to 
varying degrees according (o Reaction 5-2.13 
MOH + z„H,O ——> MOr(aq) + HạO”(aq) (5-2.13) 
and the substance must be considered an acid. 
Amphoteric hydroxides are those in which there is the possibility of either 
kind of dissociation, the one of Reaction 5-2.14 being favored by a strong acid 
M—O—H + H =M” +H;O (5-2.14) 
whereas dissociation according to Reaction Dễm 1O 


M—O—H +OHF =MO' + H;O (5-2.15) 


150 


Chopter5 / The Chemistry of Selec†ted Anions 


is favored by a strong base, because the formation of water 
HF SE @ØH- = HO K¿s °C = 102 (5-2.16) 


is so highly favored. Similarly, the hydrolytic reactions of many metal ions, which 
are often written as in Reaction 5-2.17 


M*t + HạO = (MOH) “~Đ* + H† (5-9.17) 


can be more realistically written as acid dissociatons of the aquo lons, as in 
Reaction 5-2.18 


M(H;O)7' = [M(H;O)„_¡(OH)]**°'" + H” (5-2.18) 


The higher the positive charge on the metal, the more acidic are the hydrogen 
atoms of the coordinated water molecules. 

The OH- ion has the ability to form bridges between metal ions. Thus, there 
are various compounds of the transiion metals containing hydroxo bridges be- 
tween pairs of metal atoms, as in Structure 5-I. Although bridges of the type 
5-J are most common, there are also triply bridging hydroxo groups as in 
Structure 5-I. 


Í 
vì Ở 4, 
Ò M¬|M 
Z“SW vn. 
M M M 
5-I 5-1 


Hydrous Oxides 


Many so-called metal hydroxides do not have discrete hydroxide Ions in the lat- 
tice of the crystalline compound. This is because the compounds are actually hy- 
drous metal oxides, or oxides with varying degrees of hydration. Hydroxo 
bridges are involved in the earÌy stages of the precipitation of hydrous metal ox- 
ides. In the case of Fe”, precipitation of EFezO;:z HyO——commonly, but incor- 
rectly, written Fe(OH);—proceeds through the following stages on adding OH“ 


[Fe(H,O)¿]?*? —> [Fe(H,O);OH]#* (5-2.19) 
pH<0 0<pH<2 
—> [(H,O),Fe(OH);Fe(H,O),]* (52.20) 
—2<<j8lgi < =ả] 
——> colloidal FezO;-x HO (5-2.21) 
—9)<<]8JPL<< =8) 
—> Fe;O;-+ H;O ppt (5-2.22) 
pH~5 


Similar behavior is exhibited by chromium. The hydrous oxide (CrzO;-z H;O) 
1s precipitated from chromium(H) solution by aqueous ammonia. The hydrous 
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TM) “ Figure 5Ï An important type of tetrameric structure for 
Ơ ⁄⁄| N sử | bối M(OR)¿ alkoxides. The circles represent entire alkoxide 

O O ØTOups. 


oxide 1s amphoteric, reacting not only with acid, as in Reaction 5-2.23, 


CrạO.-» H,O + acid —> [Cr(H,O)g]#* (5-2.23) 


but also with bases to form polymeric chromite ions, [CrO,]?”- yH,O. 


Alkoxides 


The alkoxide lons (RO”) are analogous to the hydroxide ion. These lons are 
sronger bases than OH, and are therefore hydrolyzed immediately, as In 
Reacuon 5-2.24. ị 


ROr + H;O = OH“ + ROH (5-2.24) 
Many alkoxides formally analogous to the hydroxides are known [e.g., Ti(OH)„ 
and T¡(OR)„]. The alkoxides are often polymeric owing to the occurrence of 
bridging RO" groups similar to Structures ð-Ï and 5-II. For example, the struc- 
ture shown in Flg. 5-l is a common one for M(OR)¿ compounds, where the 
metal prefers a coordination number o£ six and the R group 1s not too large. 
Note that the structure of Fig. 5-I contains all three types of RO” groups: non- 
bridging (or terminal), doubly bridging, and triply bridging. 

Very bulky alkyl or aryl oxides can give complexes with unusually low coor- 
đinaton numbers, for example, square Cr(py);(OAr);, where Ar = 2,4,6# 
BuGQ,H;. Mixed alkoxides with two or more metals have been ímmuch studied since 
they give mixed oxides on thermal decomposition. 


Oxo Anions 
Oxo Anions of Carbon 


Both carbonate (CO§”) and bicarbonate (HCO;) ions exist In crystalline ionic 
solids and in neutral or alkaline solutions. There are many naturally occurring 
carbonates, some of which are very important, such as limestone (CaCO;). 

The ions (Structures 5-III and 5-IV) are planar. In carbonate, because of de- 
localized ø bonding (Section 3-6), the bond lengths are equal, and the bond an- 
gles are 120°. The carbonate ion constitutes an AB; system. 
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The soluble carbonates, sụch as those of the alkali metals, form solutions 
that are basic due to the hydrolysis shown in Reacdon 5ð-3.]1. 


CO? + H,O = HCO; + OH" (5-3.1) 


The majority of the carbonates are insoluble in water, the principal excep- 
tions being salts of the alkali metals, or of TH" or NH¿. When insoluble carbon- 
ates are precipitated from aqueous solution, the precipitates ar€ frequently and 
variously contaminated with hydroxide. This contamination is especially true for 
the transition metal ions, which have a great affinity for hydroxide. 

Like the other oxo anions discussed here, carbonate can act as a ligand, for 
example, in [Co(NH,);CO;]”, forming one bond to the metal, as in Structure 
5-V. It can also form two bonds to a metal (Structure 5ð-VỊ), as in 
[Co(NH,)„CO;]”. 

Oxaiz#e (CO2) gives insoluble salts with +2 ions such as Cu””. It is frequently 
found as a ligand, usually forming two bonds to the same caton, as in 
[Cr(C„O„)z]?”, but it can also act as a bridge. 

The czzboxyizfe anions have several ways in which they can behave as ligands, 
as đistinct from ionic behavior, in say, sodium acetate. The main possibilities are 
Structures 5-VII to 5-IX. The type of structure shown in Structure ð5-VIII is quite 
common and occurs in Na[UO;(RCO,);]. Symmetrical bridging (Structure 
5-IX) occurs in the binuclear carboxylates M;(CO;R)„ of Cu", Cr”, Mo”, and 
Rh”", where four carboxylato bridges are formed. 
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Oxo Anions of Nitrogen 


Nườưi¿ (NO?) occurs normally as an anion only in NaNO, or KNO:. Ít can act as 
a ligand in several ways (Structures ð-X, 5-X%I, and 5-*XH): 


ỐC M => SN : v àa 
MỘC ỒN N—Ơ P 
Ơ l) N 
lo 
5X 5-XI 5-XI 


The occurrence of a particular form can often be deduced from infrared (TR) 
spectra. Finally, there are two tautomers: øo (M——ONO) and ro (M—NO:). 
Such tautomers occur for organic compounds. The first inorganic example was 
discovered by S.M. Jørgensen in 1894 when he isolated the tautomers 
[Co(NH;);ONO]O]; and [Co(NH;);NO,]CI1;. The nitro isomer is always the 
more stable one. 
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Mirafs are made by dissolving the metals, oxides, or hydroxides in HNO:. 
The crystalline salts are frequently hydrated and soluble in water. Alkali metal ni- 
trat€S gïve nitrites on strong heating; others decompose to the metal oxides, 
Wwater, and nitrogen oxides. 

Like nitrite, nitrate may bond in several ways in complexes (see Structures 
5-XHI to 5-XVI). The symmetrical Structure 5-XVI is quite common. Nitrate ion 
1s a relatively weak ligand in aqueous soludons but cations of charge +3 or more 
are often complexed in solution as MNOÿ". 
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Oxo Anions of Phosphorus 


The most important oxo anions of phosphorus are those of PŸ. These anions are 
derived from orthophosphoric acid (H;PO,), which 1s properly written 
O=P(OH);. Such orthophosphates have tetrahedral PO¿ groups, and are 
known in one form or another (i.e., PO7, HPOZ", or HạPO¿) for most metal 
ions. Some are o£ practical importance, for example, anmonium phosphate fer- 
tiizers, alkali metal phosphate buffers in analysis, and the like. Natural phos- 
phorus minerals are all orthophosphates and a major one 1s /fuoroaÐaiile, 
Ca„¿(PO¿)¿:CaF;¿. Hydroxy apatites, partly carbonated, make up the mineral part 
of teeth. The precipitation of insoluble phosphates from 3-6 M HNO; is a char- 
acteristic of the +4 ions of Ce, Th, Zr, and U. Phosphates also form complexes In 
aqueous solution with many of the metal ions. 

Arsenafzs generally resemble phosphates and the salts are often isomor- 
phous. However, øwfømwy differs in giving crystalline antimonates of the type 
KSb(OH)s. 


Oxo Anions of Sulfur 


The common oxo anions of sulfur are sulñte, SO$” (pyramidal, see Structure 
5-XVII); bisulfite, HSO3 (also pyramidal, see Structure 5-XVIII); sulfate, SO2” 
(tetrahedral, see Structure 5-XIX); and bisulfate, HSO¿ (tetrahedral, see 
Structure 5-XX). 
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The sulfate ion forms many complexes in which it may coordinate to the 
metal ion through one oxygen atom (Structure 5-XXI), through two oxygen 
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atoms (Structure 5-XXI]), or it may serve as a bridge between two metal atoms 
(Structure 5-XXHIĐ). 
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%l¿nai¿s are generally similar to the salts Of SOfZ” or HSO¿ and are often iso- 
morphous with them. ?zizzís are invariably octahedral as in HgzIeOs or 
K[TeO(OH),]-H;O, and the parent acid is best regarded as Te(OH)s. 


Oxo Anions of the Halogens 


Chlorales, bromates, and iodafes are pyramidal ions (XO;), known almost exclu- 
sively in alkali metal salts. 

Iodates of +4 ions, Ce, Zr, Hf, Th, and so on, can be precipitated from 6 AM 
HNO; and provide a useful separation o£ these elements. 

The most important Øerhaiz#e ?ơn (X2) 15 the perchlorate ion (ClO2). It 
forms soluble salts with virtually all metal ions except the larger alkali ions, K”, 
Rb*, and Cs†. It is often used to precipitate salts of other large +] cations, for eXx- 
ample, [Cr(en)zCl;]”, where en is ethylenediamine. Thịs is highly inadvisable for 
organometallic ions such as (\”-C;H;) „Fe”, as these compounds are often treach- 
erously explosive. It is safer to employ CE;SO¿, BE4, or PEs ions. The perchlo- 
rate ion has only a small tendency to serve as a ligand and is often used to min- 
imize complex formation. It does, however, have some ability to coordinate, and 
a few perchlorate complexes are known. 

Perbromate ion is a laboratory curiosity. Periodates are oŸ twO types: tetra- 
hedral IOz ion and the octahedral ions IOs(OH)¿ and IO;(OH)š-. Perbromates 
and periodates are chiefly important as oxidants. 


Oxo lons of the Transition Metols 


Tetrahedral oxo amions (MO?) are formed by VỲ, CrŸ!, MoŸ!, WY!, MnŸ!, MnŸ”, 
TcY!, ReŸY!, Fel!, RuỶY", and OsỶ” and can exist in solutions and in crystalline 
salts. They are not of general utility as anionic ligands. The best known are the 
permanganate (MnO¿) and chromate (CrOf2”) ions that are widely used as oxi- 
dants, but not as anions. We consider therr chemistry elsewhere under the ap- 
propriate elements. 


Polynucledr Oxo Anions 


The oxo anions Just discussed have two, three, or four oxygen atoms attached to 
a central atom to give a discrete anion. However, it is possible for one or more of 
these oxygen atoms to be shared between two atoms to give an ion with a bridge 
oxygen. One example of the simplest type is dichromate (Structure 5-XXTV), 
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which is formed from CrOx on acidification. It is essentially two tetrahedra shar- 
ing one oxygen atom. 
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Silicqftes and Boro†tes 


S2icafes are built up on the basis of sharing oxygen atoms of tetrahedral SiO, 
units. ørz/øs, which are rather similar, are built up from planar BO;, or ]ess com- 
monly from tetrahedral BƠ, units. Linking of such units can produce small 
øroups, such as O;SiOSiOš§ˆ or O„BOBO§$~. However, cyclic (Structure 5-XXV), 
ininite chain (Structure 5-XXV]Ị), and sheet structures can be formed by ap- 
Proprlate oxygen sharing, and are of preeminent importance for silicates. The 
charges on the anions can be ascertained by regarding nonbridging oxygen 
atoms as being đerived from an —OH group by loss of H". 
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Figure 5-2 shows an infinite sheet of SiO¿ units tetrahedrally lnked in a two-di- 
mensional network. The stoichiometry is (SizOf )„. 

In silicate or borate structures, the specific nature of the cations or even 
their charges are relatively unimportant, so long as the total positlve charge 1s 
equivalent to the total negative charge. Thus, for the pyroxene structure, which 
OCcurs in many minerals, we can have MgSiO;, CaMg(SiO;);, LiIAI(S:O:)›;, and 
so on. The cations lie between the chains so that their specific identity is of 
minor importance ¡n the structure, so long as the required positive charge is 
supplied. Similarly, for sheet anions, the catlons lie ø/¿en sheets. Such sub- 
stances could be expected to cleave readhily. This is found to be so in #eas, which 
are sheet silicates. 

The final extension to complete sharing of oxygen atoms o£ cach tetrahe- 
dron leads, of course, to the structure of SiO;, s¿cø. However, If some of the for- 
mally Si? “ions” are replaced by AI", then the framework must have a negative 
charge--and positive counterions must be distributed through it. Such ƒreuork 
mminerals are called aluminosilicaies. They are among the most diverse, widespread, 
and useful natural silicate minerals. Many synthetc aluminosilicates can be 
made, and several are manufactured industrially for use as ion exchangers 
(when wet) and “molecular sieves” (when đry). 

Among the most important framework aluminosilicates are the zo/s. Their 
chief characteristic is the openness of the [(AI, Si)O;]„ framework (Eigs. 5-3 and 


Figure 5-2 (z) The hexagonal arrangement 
of linked SiO¿ tetrahedra giving an infinite 
sheet of composition (SiaO? ), where ® = S¡ 
and © =O. The Sĩ atoms are coplanar, and 
each is substandially eclipsed by a terminal 
(nonlinking) oxygen. () The tetrahedral 
arrangement for each Sĩ atom in (2). The 
sheet is characterized by three planes: one 
containing the capping (terminal) Ô atoms 
that eclipse each Sỉ in (2), a second plane con- 
taining each Sĩ atom, and a third plane 
formed by the network o£ bridging Ô atoms. 


Figure 5-3 The arrangement of AlO, and SiO, tetrahedra 
that gives the cubooctahedral cavity in some zeolites and 
felspathoids. The ® represents Si or AI. 
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Figure 5-4 Model ofa zeolite (edingtonite) showing the channels in the struc- 
ture. The spheres represent oxygen atoms. The Sỉ and AI atoms lie at the centers 
of O, tetrahedra and cannot be seen. Such a tetrahedron is most easily recog- 
nized at the lower righthand corner of the model. 


5-4). The composition is always of the type M,„„[(AIO,) „(SiO;),]-z HạO wherc ø is 
the charge of the metal caton M”", which is usually Na", K*, or Ca?*, and zis the 
number of moles of water of hydration, which is highly variable. The openness of 
these structures results in the formation of channels and cavities of different sIzes 
ranging from 2 to ]] Ả in điameter. Molecules of appropriate sizes may thus be 
trapped in the holes, and it is this property that makes possible their use as selec- 
tive absorbents. Such zeolites are called “molecular sieves.” Zeolites are also used 
as Supports for metals or metal complexes used in heterogeneous catalytic reac- 
tons. The zeolites used are mainly synthetic. For example, slow crystallization 
under precisely controlled conditions of a sodium aluminosilicate gel of proper 
composidon gives the crystalline compound_ Na;;[(AlO,)¡z-(SIO¿)¡a] Xá7 Lạ), 
This hydrated form can be used as a cation exchanger in basic solution. 

In the hydrate all the cavitiles contain water molecules. In the anhydrous 
state, which is obtained by heating In vacuum tO about 350 °C, the same cavities 
may be occupied by other molecules brought into contact with the zeolite, pro- 
viding such molecules are able to squeeze through the aperatures connecting 
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cavides. Molecules within the cavides then tend to be held there by attractive 
forces of electrostatic and van der Waals types. Thus the zeolite will be able to ab- 
sorb and strongly retain molecules just small enough to enter the cavities. Those 
too large to enter will not be absorbed at all, and it will weakly absorb very small 
molecules or atoms that can enter but also leave easily. For example, straight- 
chain hydrocarbons but not branched-chain or aromatic ones may be absorbed. 

Some germznafas corresponding to silicates are known, but Ge, Šn, and Pb 
usually form octahedral anions, [M(OH)g]?”. Børz#s do not form frameworks 
and are ring or chain polymeric anions. The most common boron mineral, Öørax 
(Na,B,„O;-10 H;O), contains an anion with the Structure 5-xXXxVII. 
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Polymeric or Condensed Phosphoftes 


Orthophosphate anions can also be linked by oxygen bridges. Three types of 
building blocks occur (Structures ð-XXXVIII to 5-XXX). The resuling polymeric 
anions are called metaphosphates I£ they are cyclic (Structure 5-XXXI) or 
polyphosphates ¡f they are linear (Structure ð-XXXII). Sodium salts o£ con- 
densed phosphates are widely used as water softeners, since they form soluble 
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complexes with calcium and other metals. The use of phosphates has led to 
some ecological problems, since they also act as fertilizers and in lakes can lead 
to abnormally high growths of algae. 
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Condensed phosphates are usually prepared by dehydration of orthophos- 
phates under various conditions of temperature (300-1200 °C) and also by ap- 
propriate dehydration of hydrated species as, for example, 


(ø—9)NaH,PO, +2 Na,HPO, —®**L Na, ..P.O,„.,+(ø—=I)H,O (64.1) 


Polyphosphate 
ø NaH,PO, —®*L_› (NaPO,)„ +øH,O (5-4.9) 
Metaphosphate 


They can also be prepared by controlled addition of water to P„O¡ạ. The result- 
¡ng complex mixtures of anions can be separated by ion exchange or chro- 
matography. 

The most important œece phosphate is #frametaphosphaie, whìch can be pre- 
pared by heating copper nitrate with slightly more than an equimolar amount of 
H;PO, (75%) slowly to 400 °C. The sodium salt can be obtained by treating a so- 
luton of the copper salt with Na;S. Slow additon of P„Oa to ice water gives 
about 75% of the P as tetrametaphosphate. Condensed arsenates exist onÌy in 
the solid state, and are rapidly hydrolyzed by water. 


Polyonions of the Transition Metols 


Next we look at the frans¿on meial bolanzons. Although we cannot điscuss them 
in detail, the oxo anions of VỶ, NbŸỲ, TaŸY, MoŸ!, and WỲ! form extensive series of 
what are called ;søøøl and »zízrobpol anions. Both are bullt up by sharing oxygen 
atoms in MO, octahedra, where corners and edges, but not faces, may be shared. - 
An example is shown in Eig. 5-5. 

Isopoly anions, which contain only the element and oxygen, have stoi- 
chiometries such as Nb¿OŸs and Mo;O§;. In heteropoly anions an additional 


Figure 5-5 The structure of 
[CrMo¿O,„H,]””. The hydrogen atoms are 
probably bound to oxygen atoms of the central 
octahedron. 
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metal or nonmetal atom is present. One example ¡s [GGRMm.O¿2]”: The hết- 
eropoly salt amamonium phosphomolybdate, (NH,)s[PYMo;zO„¿], is used in the 
determination of phosphorus while the large silicotungstate anion 1s sometimes 
used for precipitation of large +l catlons. 


Halogen-Contdining Anions 
lonic Holides 


Most halides of metals in +1, +9, and +3 oxidation states are predominantly 1OnIC 
in character. Of course, there is a uniform gradation from halides that are for all 
practical purposes purely ionic, through those of intermediate character, to 
those that are essentially covalent. Covalent halides and the preparation of 
halides are discussed in Chapter 20. 

Many metals show their highest oxidation state in the fluorides. For very 
high oxidation states, whịch are formed notably with transition metals (e.g., WEs 
or OsE,), the compounds are generally gases, volatile liquids, or solids closely re- 
sembling the covalent fluorides of the nonmetals. The question as to whether a 
metal fluoride will be ionic or molecular cannot be reliably predicted, and the 
đisinction between the types is not always sharp. 

Fluorides in high oxidation states are often hydrolyzed by water, for exam- 
ple. 


4 RuF; + 10 HO ——> 3 RuO; + RuO, + 20 HF (5-5.1) 


The driving force for such reactions results from the high stability of the oxides 
and the low đissociaton o£ HF in aqueous solution. 

The halides of the alkali and alkaline earth elements (with the exception of 
Be) most of the lanthanides, and a few halides of the #group metals and ac- 
tinides can be considered as mainly ionic materials. As the charge/radius ratio 
of the metal ions increases, however, covalence increases. Consider, for instance, 
the sequence KCI, CaCl;, ScCl;, T¡Ol¿. Potassium chloride is completely lonic, 
but TICL, 1s an essentially covalent molecular compound. Similarly, for a metal 
with variable oxidation state, the lower halides wIll tend to be Ionic, whereas the 
higher ones will tend to be covalent. As examples we can cite PbC]; and PbCl,, 
and UE,, which ¡s an ionic solid, while UEs is a gas. 

Most lonic halides dissolve in water to give hydrated metal ions and halide 
lons. However, the lanthanide and actinide elements in the +3 and +4 oxidation 
states form fluorides insoluble in water. Fluorides of L1, Ca, Šr, and Ba are also 
sparingly soluble. Lead gives a sparingly soluble salt PbCIF, which can be used for 
gravimetric determinatlon of E~. The chlorides, bromides, and iodides of Ag', 
Cu', Hg], and Pb” are also insoluble. The solubility through a series of mainly 
lonic halides oÊ a given element, ME, —> MI,, may vary in either order. In cases 
where all four halides are essentially ionic, the solubility order will be iodide > 
bromide > chloride > Ñuoride, since the governing factor will be the lattice en- 
ergies, which Increase as the ionic radii decrease. This order is found among the 
alkali, alkaline earth, and lanthanide halides. On the other hand, If covalence is 
fairÌy Imporfant, it can Invert the trend, making the fluoride most and the iodide 
least soluble, as in the cases of Ag” and Hg§" halides. 
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Holide Complex Anions 


Complex halogeno anions, especially of fuoride and chloride, are of consider- 
able importance. Halogeno anions may be formed by interaction o£a metallic or 
nonmetallic halide actng as a Lewis acid toward the halide acting as a base: 


AICI, + CL = AICls (5-5.9) 
FeCl; + ClƑ = FeCl; (5-5.3) 
BE + F- = BF¿ (5-5.4) 
PF, +Er =PFg (5-5.5) 


Many such halogeno anions can be formed In aqueous solution. The relative 
affinites of EF”, CI", Br~, and IF for a given metal ion are not fully understood. For 
crystalline materials, lattice energles are Important. For BE „, BCI „, and BBr „, 
the last two of which are known only in crystalline salts of large cations, lattice 
energles are governing. In considering the stability of the complex lons ? soiu- 
fơn, 1t 1S 1npOrtant to recogn1ze that (a) the stability of the complex involves not 
only the bond strength of the M—X bond, but also its stability relative to the sta- 
bility of ion-solvent bonds, and (b) in general an entire series of complexes wiÏl 
exist, M'*(aq), MXfŒ”?*(ao), MXš””*(aq),..., MXG”®*(aq), where z is the 
maximum coordination number of the metal ion. These two points, Of course, 
apply to all types o£ complexes In solution. 

Generally, the stability decreases in the series F > Cl > Br > I, but with some 
metal ions the order is the opposite: F < CIl < Br < I. Th¡s problem is one oỀ sev- 
eral involving acid-base interactions (see Chapter 7 for a discussion). It is to be 
emphasized that all complex fluoro “acids,” sụch as HBE,¿ and H;SIEs, are ?£c¿s- 
sarih sirong, since the proton can be bound øw? to a solvent molecule. 

Halogeno anions are important in several ways. These anions are Involved in 
many important reactions in which Lewis acids, particularly AlOI; and BE;, take 
p2rt; one example is the Friedel-Crafts reaction. For several elements, they are 
among the most accessible source materials; plainum as chloroplatinic acid, 
(H;ạO*);PtClạ and potassium chloroplatinite, K;PtClL, are good examples. Large 
or undeformable anions like BE or PFs can be used to obtain sparingly soluble 
salts of appropriate cations. Finally, halide complex formation can be used for 
separations with anion-exchange resins. To take an extreme example, Co#* and 
Ni?” can be separated by passing a strong HOI soluuon through an anion-ex- 
change column. The Co?" ion readily forms CoCls and CoGIf”, whereas nickel 
does not give chloro complexes in aqueous solutons. Effective separation usu- 
ally depends on properly exploiting the đ;ƒƒ#re„œ in cormplex formation between 
two cations ởø/b of which have some tendency to form anionic halide complexes. 


Pseudohdlides 
Pseudohalides are substances containing two or more atoms that have halogen- 
like properties. Thus cyanogen (NG——CN) gives the øa#đ4¿ion (CN ) and shows 
halogen-like behavior. Compare 
-_ Cu?'+92ŒNr = CuCN +$(CN);¿ (5-5.6) 
Cu?* +2 = Cul +? l¿ (5-5.7) 
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Other pseudohalide ilons are #42 (OCN”) and /oœzna#e (SƠCN”). These lons 
are formed, respectively, from CN ˆ by oxidation, for example by PbO, and by fus- 
ing KCN with 5;. Their Ag” salts, like those of the halides, are 1nsoluble In water. 

The pseudohalide ions are very good ligands. For cyanate and thiocyanate 
there are two binding possibiliies—through N or through O or S. For OCN, 
most nonmetals seem to be Mbonded in covalent compounds, such as P(NCO);, 
while the corresponding thiocyanates are #bonded. 

Cyanate and the more numerous thiocyanate complexes usually have StOI- 
chiometries similar to the analogous halide complexes. 

Cyamideis somewhat different in that the formation o£ cyanide c0wÐl¿xés 1s r€- 
stricted to transition metal #block elements and Zn, Cd, and Hg. This suggests 
that ø acceptor bonding is Important in the binding o£ CN" to the metal, which 
is almost invariably through carbon. The 7 acceptor character o£ CN" ís not 
nearly so high as for CO, RNC, or similar ligands (Chapter 28). This is clearly 
reasonable in view ofits negative charge. Indeed, CN” is a strong nucleophile, so 
that back-bonding need not be invoked to explain the stability of its complexes 
with metals in +2 and +3 oxidation states. However, CN” does have the ability to 
stabilize metal ions in low oxidation states, for example, [Ni(CN)„]“-. Here, 
some acceptance of electron density into 7* orbitals of CN” ¡s likely. 

The majority of cyanide complexes are anionic, typical examples being 
[Fe1(CN)s]#, [Ni(GN)„]?”, and [Mo(CN)s]””. In contrast to similar halide com- 
plexes, the free acids of many cyano anions are known, for example, 
H,[Fe(CN)s] and H;ạ[Rh(CN)¿]. The reason is that the proton can be stabilized 
in hydrogen bonds between the cyano anions, that is, M—CN -:: H --: NC—M. 


The Sulfide and Hydrosulfide Anions 


Only the alkalis and alkaline earths form sulfides that contain the S°” ion. Only 
these sulfides dissolve in water. Although S”” is not as extensively hydrolyzed as 
O”, nevertheless essentially only SH" ions are present in aqueous solutions 
owing to the low second dissociation constant of H;S. The §”” ion is present in 
strongly alkaline solution, but it cannot be detected in soluton less alkaline than 
8 M NaOH owing to the reaction : 


S+HÖ S3 TU K~1 (5-6.1) 


Pobsulfde lons Sĩ” are formed when solutions of alkali sulfides are boiled 
with sulfur. Salts can be crystallized. The ions contain kinked chains of sulfur 
atoms as illustrated by the Sf”, Structure 5-XXXII. 
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Polysulide ions (and also lons such as thiomolybdate, MoS2”) are important li- 
gands for transilon metals, forming, for example [Pt(S;);]Š”, which has đ and £€ 
1somers, as shown In Eig. 19-1. 
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Scope and Purpose 


The structures and chemistries of a number of important classes of anions have 
been presented. These anions are of particular interest to the discussion of co- 
ordination chemistry in Chapter 6, because the anions are important both as lig- 
ands and as counterions. Further details for each of the systems discussed in this 
chapter are available in later sections of this book. As usual, the study questions 
under “A. Review” are intended as a guide to the student. 


Study Queslions 


A. Review 
1. Why does the ion OÊ~ exist only in ionic lattices? 
2. List the ways in whích OH” can act as a ligand. 
3. List the elements that form oxoanions. 
4. Many oxoanions can act as ligands in more than one way. Give the ways for 


(a) CO, (b) SOf, (c) NOz, (d) CH;CO;¿, (e) NO;. 
Draw the structures of CrạO?”, SizOỆ~, and B„Of”. 

How are two-dimensional silicate networks bullt up? 

What ïs the composition of zeolites? What are molecular sieves? 

How do the oxoanlons of Ge, Sn, and Pb differ from silicates? 

Draw structures for cyclic and linear condensed phosphates. 

'What is meant by the terms Iso- and heteropoly anions? 


B. Additiondl Exercises 


1. 


2. 
SẴ 


4. 


° 


109. 


11. 


Compare the properties of the oxides of Mg, B, Si, and SbŸ. What are their formulas, 
and which are acidic and/or basic? 

Why is the oxide of an element most acidic in the highest oxidation state? 
Titanium ethoxide ¡s a tetramer, [Ti(OC,H;)„]¿. Write a plausible structure for this 
molecule. Write a balanced equation for its reaction with water. 

Compare the Lewis diagrams for the simpler oxoanions ofS, Se, and Te. 

What are the structures of the anions in K;B;O¿, CaB,O¿, and KB;O;:4H;O? 

Draw Lewis diagrams and discuss the nature of the multiple bonding in SỐ NÓ, 
and CIOz. What orbitals are involved in the overlap that leads to # bonding in each 
case? 

Draw an MO energy-level diagram for CN“. What is the highest occupied MO? What 
is the lowest unoccupied MO? Draw the lowest unoccupied MÔ and show how ït is 
involved in z bonding with a metal đtype orbital for metal cyanides. 

Besides cyanide, what other pseudohalides might enter into Z bonding with metals? 
Let the Lewis diagrams for these pseudohalides guide your thinking. Remember to 
consider đ orbitals on atoms other than metals. 

Draw Lewis diagrams for typical halate and perhalate anions XƠ; and XÔj, respec- 
tively, where X = halogen. 

Predict the products of the reaction of the complexes [Co(NH;)„CO;]” and 
[Co(NH;);CO;]” with acid. 

Predict the product upon treating aqueous chromium(III) ion with ammonila. 
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12. The mineral chromite (FeCrạO„) can be formed by fusing which two simple, anhy- 
drous oxides? 


C. Questions from the Literoture of Inorganic Chemistry 


1. The following questions should be answered by consuling the paper by A. F. Reid 

and M. J. Sienko, mong. Chem., 1967, 6, 531-524. 

(a) Write balanced chemical equations for the solid state reactions used to synthe- 
size ScTiIOs; and ScVOs (two methods). 

(b) What is the oxidation state of Sc in Sc¿Ox and in the mixed metal oxides ScVOz; 
and ScTiO;? Based on magnetic susceptibility data available in this article, what 
oxidation state should be assigned to V in ScVO; and to Tï in ScHO;? 

(c) What is the electron configuraton (đ”) for the V and Tỉ lons in ScVO; and 
ScTiO;, respectively? : 

(d) What is the likely crystal structure for ScVO; and ScTiO;? How have the authors 
reached this conclusion? 
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COORDINATION 
CHEMISTRY 


Introduction 


In coordinaton compounds, metals are surrounded by groups that are called li- 
gands. The types of groups that may surround a metal atom or ion are greatÌy 
varied, but they may be broadly considered to be of two types: ligands that bond 
to metal atoms or lons through carbon atoms, and ligands that do not. The for- 
mer are involved in organometallic compounds, and we postpone discussion of 
them until Chapters 28-30. The branch of inorganic chemistry concerned with 
the remaining combined behavior of catons and their ligands ¡s called coordi- 
nation chemistry. There is, of course, no sharp dividing line between coordina- 
tioön chemistry and the chemistry of covalent molecules, including organometal- 
lic compounds. Nor, in the other extreme, 1s there a clear distinction between 
the chemistry of coordination compounds and that of£1onic solids. Ít 1s, however, 
traditional and convenient, In điscussions of coordination compounds, to view 
the central metal as a catton, and to view the ligands as Lewls bases. 

A few examples will help to illustrate this classification. We traditonally con- 
sider that CH¿ and SFs are covalent substances, while treating BH¿ and AIFỆ~ 
as if they were coordination compounds, formally derived from BỶ* + 
4Hr and Al*+6E-, respectively. In terms of fundamental electronic properties, 
these đistinctions would not be easy to defend. Similarly, metal-ligand bonding 
in Na;[AIF¿] and AIF;(s) cannot be qualitatively very different, even though we 
traditionally call the former a coordination compound (and AIFš a complex 
ion), and the latter an ionic compound. 

The main justificaton for classifying many substances as coordination com- 
pounds is that their chemistry can conveniently be described in terms of a cen- 
tral cation M”?, about which a great variety of ligands L, Lí, L, and so on, may 
be placed in an essentially unlimited number o£ combinations. The overall 
charge on the resulting complex [ML,LL¿. ..| 1s determined by the charge on 
M, and the sum of the charges on the ligands. For example, the PtƯ” ion forms a 
great many complexes, studies of which have provided much of our basic knowl- 
edge of coordination chemistry. Examples of its complexes, all of which can be 
interconverted by varying the concentrations of the different ligands are 


[Pt(NH;)„]?* [Pt(NH;);CH! [PL(NH;)¿Cl] [PUNH;)C]” [PCCL]” 


For complexes of PƯ” the four ligands le at the vertices o£a square with the 
PUƯT ion at the center. Thus, structurally, four o£ the five complexes in this series 
are unambiguously: 
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HẪÑ =~=--= NH;: HN =-.-.-. NH; 
: `. ; vn .. 
l 1 lj le D 
§ 200.00 ¬- — —. 
HS. - lới (GÌ: — =- —==- lới| 


Notice that the structure of the middle member of the series [Pt(NH;);Cl;] 1s 
ambiguous from the formula. TWwo isomers (cis and trans) are possible and both 
are well known. 


 -= NH, cÕ>-... NH, 
Ũ : ` Tằ 
I Ta 4 ! Ị =_ ` I 
1 lj LÍ 
G--- NU' HỆ. ỎI 
C1S ftrans 


This is one of the simplest examples of the occurrence of isomers among COOT- 
dination compounds. A number of other important cases will be discussed in 
Section 6-4. 

The fundamental and classical investigations in coordination chemistry were 
carried out between about 1875 and 1915 by the Danish chemist S. M. Jørgensen 
(1837-1914) and the Swiss chemist Alfred Werner (1866-1919). When they 
began their studies the nature of coordination compounds was a huge puz2le, 
which the contemporary ideas of valence and structure could not accommodate. 
How, for example, could a stable metal salt (e.g., MCI,) combine with a group of 
stable, independently existing molecules (e.g., x NHạ) to form a compound 
M(NH;),C1„ with wholly new properties? How were bonds formed? What was the 
structure? Jørgensen and Werner prepared thousands of new compounds, seek- 
¡ng to find regularities and relationships that would suggest answers to these 
questions. Finally, Werner developed the concept o£ ligands surrounding a cen- 
tral metal Ion—the concept of a coordination complex—-and deduced the geo- 
metrical structures of many o£ them. His structure deductions were based on the 
study of isomers such as those Just discussed. In this very Instance he reasoned 
that the arrangement had to be planar to give the two Isomers; a tetrahedral 
structure could not account for their existence. Werner received the Nobel prize 
in Chemistry for his work in 1913. 


Siructures of Coordindation Compounds 
Coordinofion Numbers and Coordinolion Geomeltries 


The term coordination number has already been introduced (Chapter 4) in dis- 
cussing the packing of ions in crystal lattices. The term ¡is also widely applied to 
the coordination compounds that are formed between a central metal (a cation 
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Or a zero-valent metal) and its ligands. Thus, whether one discusses an array of 
lons in a crystal lattice or a discrete complex Ion (coordination compound), the 
coordination number is the number of groups that immediately surround the 
metal. In addidon to the number of ligands surrounding a metal, it is important 
to know the arrangement of the ligands: the coordination geometry. There is a 
definite correspondence between coordination geometry and coordination 
number. The relationship is more complicated than that previously discussed 
(Chapter 3) between geometry and occupancy in compounds AB,E.; because for 
coordination compounds the number of đ electrons can significantly influence 
geometry. We now điscuss the most common coordination numbers, and under 
cach, the most common coordination geometries. 


Coordination Number Two 

This coordination number is relatively rare, occurring mainly with the +] 
cations of Cu, Ag and Au, and with Hg”". The coordination geometry is linear. 
Examples ¡include the ions [HN —Ag—NH;]”, [NC——Ag—CN]", and 
[Cl—Au—C]]”. Such complexes are typically unstable towards the addition of 
further ligands as in Reacton 6-2.1. 


[Cu(CN);] +2 CN — [Cu(CN)„]?> (6-2.1) 


Coordination number two can also be stabilized for other metals by use of bulky lig- 
ands such as the bis(triphenylsilylamido) anion, for instance in Fe[N(SIPh;)›]s, 
whose coordination geometry 1s linear. 


Coordination Number Three 

The most important geometries for complexes with coordinaton number 
three are the trigonal plane and the trigonal pyramid. Examples are the planar 
Hg1; and [Cu(CN)s]”” and the pyramidal SnCls. The latter can be considered to 
be derived from the Lewis acid SnCl; and the Lewis base (ligand) CÏ”, as in 
Reaction 6-2.2. 


3n 
Si... J0... ằ ` hô (6-9.2) 


In some cases where the empirical formula might suggest three coordination 
(e.g., AIO]I;, FeCl;, and PtCl,PR;), there exist, instead, dinuclear structures in 
which two ligands are shared so as to give each metal center an effective coordi- 
nation number of four. Two such examples are shown in Structures 6l and €-I: 


li! lỚI| €1 R;P 1 €1 


kề ⁄- `»... 
AC AC c 
€1 €1 Cl li| li| PR; 


G1 6 


Coordination Number Four 
This coordination number is very important, since it gives cither tetrahedral 
or square planar coordination geometries. Tetrahedral complexes predominate, 
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being formed almost exclusively by nontransition metals and by transitlon met- 
als other than those near the right of the #block. The variety oŸcompounds that 
adopt the tetrahedral geometry is striking. Examples include Li(H;O)+, BeF2, 
BH;, AICI;, CoBr7, ReOz, and Ni(CO)„. Tetrahedral geometry Is preferred for 
valence electron configurations đ° or đ', as well as for đ” configuradons where 
square planar geometry (or coordination number expansion to an octahedron) 
is not favored by the number of đ electrons. Ít is the đ electron configuration 
that characteristically leads to square planar geometry. Thus, it is common for 
complexes of the ions Ni", Pd?', PỬ”, Rh”, Ir”, and AuF. This geometry is also 
common for complexes of the đ ion, Cu”". The special preference of the đ° 
metal ions for the square planar geometry occurs because this requires onÌy one 
đ orbital to be used in forming the four metal-ligand Ø bonds (namely, the 
đv3_ v2 orbital), which has lobes pointing towards the lgands. It is then possible 
for the four electron pairs of the metal ion to occupy the remaining four đ or- 
bitals without being repelled by the electron pairs that form the metal-ligand 
bonds. For the đŸ case, only one electron has to be placed in the high energy 
đ.2 „2 orbital. 


x^—y 


Coordination Number Eive 

This coordination number is less common than four or six, but is stilÌ very 
important. The two most symmetrical coordination geometries are the trigonal 
bipyramid (Structure 6-HI) and the square pyramid (Structure 6-IV). 


These two geometries (previously discussed in Chapter 3) usually differ little in 
energy, and one may become converted into the other by small changes in bond 
angles. Consequently, many five-coordinate complexes do not have either struc- 
ture precisely, but a structure that is Intermediate between the two. Moreover, 
even those that do have one or the other structure in the crystal may become 
stereochemically nonrigid in solution, with the ligands interchanging positlons 
rapidly, as explained in Section 6-6. Another interesting illustration of the simi- 
lar stabilides o£ the two geometries for coordination number five is afforded by 
the [Ni(CN),]”” ion. This ion forms one crystalline salt in which both geome- 
tries are found. 


Coordination Number Six 

Thịs coordinaton number is enormously important, since nearly all cations 
form six-coordinate complexes. Practically all of these have one geometrical 
form, the octahedron (Structure 6-V). It is essential to recognIze that the octa- 
hedron is an extremely symmetrical figure, even though some of the stylized 
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ways of drawing it might not show this clearly. All six ligands, and all six M—L 
bonds, are equivalent in a regular octahedral ML„ complex. 


T110 < 
lŨ đền 
Ti ru Tu 
+ ` ` 
F2 | 2 so ni & BS 
+ , ` ` _ ` 
s § Ñ ` , \ s 
;--E=N Ta" 
lò TÊN. ⁄, | #⁄i 
' ' 
h 2335 rr h : đỜN c2 0W ì 
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tí" c ".: Ho ký h 
, ` , NT 
Ệ: Ệ lý NĐ; bò ọ `1 
th Ï] tử vì 
: mi DI IẾ L 
` ` ` “ 2° 
bà v2 = ký 
` K. « si Só 
LỄ : : 
` 
¬"—... 
S l2 


As with other prototype geometries, we continue to describe complexes as 
“octahedral” even when diferent kinds of ligands are present and, hence, the 
full symmetry of the true octahedron cannot be retained. Even in cases where all 
ligands are chemically the same, octahedra are often distorted, either by elec- 
tronic effects inherent in the metal ion or by forces in the surroundings. A com- 
pression or elongation of one L=M——L axis relative to the other two is called a 
tetragonal distortion (Structure 6-VI), whereas a complete breakdown of the 
cquality of the axes gIves a zørmb¿c đistorton (Structure 6-VII). If the octahedron 
1s compressed or elongated on an axis connecting the centers of fwo OppOosite 
triangular faces, the distortion 1s called ứzgøna/ (Structure 6-VIII). 


2 [CC oho canh TẾ 

(0 32 l9 s2 TS | . a%Ù 
lỆ 
6VHI 6VII 


There are a few cases in which six ligands lie at the vertices of a trigonal 
prism (Structure 6-IX). The prism is related to the octahedron in a simple way: 
If one triangular face of an octahedron is rotated 60” relative to the one oppo- 
site to it, a prism 1s formed. The superior stability of the octahedron compared 
with the prism has at least two causes. The most evident is steric: Ôn the average, 
the octahedron allows the ligands to stay further away from cach other than the 
prism does for any given M—L, distance. It is also likely that in most cases the 
metal ion can form stronger bonds to an octahedral set of ñgands. The cases 
where a trigonal prism 1s found mostly involve either a set Of six sulfur atoms, 
which may interact directly with each other to stabilize the prism, or some€ sort 
of rigid cage ligand, which forces the prismatic arrangement. 
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CN 


Higher Coordination Numbers 

Coordination numbers of seven, eight, and nine are not infrequently found 
for some of the larger cations. In each of these cases there are severaÏ geometries 
that generally do not differ much in stability. Thus complexes with high coordi- 
nation numbers are characteristically stereochemically nonrigid (Secton 6-6). 

For seven coordination there are three fairly regular geometries: (1) the 
pentagonal bipyramid (Structure 6-X), (2) an arrangement derived from the oc- 
tahedron by spreading one face to make room for the seventh Hgand (Structure 
6XIa), and (3) an arrangement similarly derived from a trigonal prism 
(Structure 6-XIb). 


\ M M. Sản. 

Tố Loài P0. px ly) ⁄ N\ 
| L tế a- P.c 
L “HOANG Tu 
6X 6-XIa 6-XIb 


Coordination number eight also has three important geometries, all of 
which are shown in Fig. 6-1. The cube itself is rare, since by distorting to either 
the antiprism or the triangular dodecahedron, interligand repulsions can be di- 
minished while still maintaining close M——L contacts. 

For nine coordination the only symmetrical arrangement 1s that shown 1n 
Fig. 6-2. This is observed in many lanthanide compounds in the solid state. 


Types of Ligands 


The majority o£ gands are anions or neutral molecules that can be thought o£ 
as electron-pair donors. Common ligands are F7, CI, Br, CƠN", NH;ạ, H,O, 
CH;OH, and OH.. When ligands such as these donate one electron pair to one 
metal atom they are called zmơnođenmiafe (literally, one-toothed) ligands. The five 
complexes of PtỶ” mentioned in the Introduction contain only monodentate li- 
gands, CT and NHạ. 

Ligands that contain two or more atoms, each of which can sinmultaneously 
form a two-electron donor bond to the same metal lon, are called ð;đ¿n#aứe li- 
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(œ) 


(b) 


Figure ó-Ï  Important geometries for eight-coordinate complexes: 
The cube and its two principal distortions (4) to produce a square an- 
tiprism, and (7) to produce a dodecahedron. 


gands. These ligands are also called e2 (from the Greek for claw) ligands 
since they appear to grasp the cation between the two or more donor atoms. 


Bidentate Ligands 

The most common of the polydentate ligands are bidentate, that is, having 
two possible points of attachment to a metal ion. Neutral bidentate ligands in- 
clude the following: điamines, diphosphines, and diethers, all of which form five- 
membered rings with a metal atom. 


H,N' "NH, 
`..~ 
CH,CH, 


Ethylenediamine (en) 


(C;HP  “P(CH,; 
CH,CH, 
Bis(diphenylphosphino)ethane (diphos or dppe) 


CƠ, TP(GH 
(CH;); ` ⁄ (CH;); 
CH,CH, 
Bis(dimethylphosphino)ethane (dmpe) 
TT 
]ïãÃ GI(1, CHỊ, 
Glyme 
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Figure 6-2 The structure of many nine- 
coordinate complexes. Six ligands (three cach, 
top and bottom) define the trigonal prism that 
is capped above each rectangular face by one of 
three “equatorial” ligands. 


Two important aromatic amines form five-membered rings with the metal. 


C—Á / 


2,2-Bipyridine (bpy) 


1,10-Phenanthroline (phen) 


The amion of acetylacetone, acetylacetonate (acac), forms a six-membered 
ring when coordinated to a metal, 


ụ rÌ 
G 
H6 
H 


Acetylacetonate (acac) 
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whereas a number of other common anions may form four-membered rings with 
a metal (although these are often also monodentate). 


Ó. Ö. 

⁄ z” 
¡HE ĐI) 

S Ờ 
Carboxylates Nitrate 

_ vs” đc +. ế= 

bì Ñ, : ~tựZ : 

. :Ở ào: 
Dithiocarbamates Sulfate 


Tridentate Ligands 
Two of the most important tridentate ligands are triamines. 


Terpyridine (terpy) 


H 
_ + 
H,N N "NH, 
`... .. 

CH,CH, CH,CH; 


Diethylene triamine (dien) 


Tetradentate Ligands 

There are many important tetradentate ligands. Eirst, we have the bis(di- 
methylglyoximato) system. It consists of two closely coupled bidentate units that 
form a planar chelate, locked Into planarity by two strong hydrogen bonds. 


g= 


OH---O 
| \ 

H;C N. .N CH;ạ 

x2” s"c` 
E và cc +} 

H;C N N CH;ạ 
\ ị 
O- HO 


Bis(dimethylglyoximato) (dmgH) 


An important open chaïin tetramine is triethylenetetramine: 
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H H 
: `. `. : 
H,N' N N NH, 
` 3» .`ẻ. ˆ 
CHGH, G1161 GHẠCH; 


Triethylenetetramine (trien) 


In addition, there are open chain, anionic tetradentate ligands. The following 
Schiff base, which is derived from acetylacetone and ethylenediamine (otherwise 
known as acacen) is an important example. Perhaps more important are the 
many “biological”macrocyclic ligands, such as porphyrin (Structure 6-XIT) and 
its derivatives, phthalocyanine (Structure 6-XII), and a host of similar molecules 


-SI1® CH CH 
` „Ị ga bà 


CN. N=C 
72 
HG + Hà 6í 
bà 8 --..‹<< 
c=o =s 
" 
HạC CH; 
Acacen 


that can be readily synthesized (e.g., Structure 6-XTIV). 


6XxI 6XII 6XIV 


There are also the tripod ligands that favor the formation of trigonal bipyra- 
midal complexes, as shown in Structure 6-XVa. An example is the molecule 
NỊCH,CH,P(G¿H,).]„, which coordinates as seen in Structure 6-XVb. 
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lsomerism in Coordindfion Compounds 


Geometrical Isomerism 

One reason coordination chemistry can become quite complicated is that 
there are many ways in which isomers can arise. We have already observed that 
square complexes of the type ML„X; can exist as cis and trans isomers. Other im- 
portant forms of geometrical Isomerism are 1lÌustrated in Structures 6-XVI to 6- 
XIX. Isomers of octahedral complexes that are of particular importance are the 
trans (Structure 6-XV]) and cis (Structure 6-XVII) isomers of the MLX; species 
and the facial (Structure 6-XVIII) and meridional (Structure 6-XIX) isomers of 


MLX; species. 


_ v$ 
j6 0l E Nư ^ s 
ae.  ... 
X ự 
6XVI 6XVI 
X 


Optical Isomerism 
Optical isomers are molecules that are mirror images of each other that can- 


not be suÐerimposed. Since they cannot be superimposed, they are not identi- 
cal, even though all their internal distances and angles are Identical. These iso- 
mers also react identically unless the reactant is also one of a pair o£ optical 
isomers. Their most characteristic difference, which gives rise to the term ø@//cdi, 
is that each one causes the plane of polarization o£ plane-polarized lght to be ro- 
tated, but in opposite directions. 

Two molecules that are optical isomers in this sense are called cenan- 
tiomorphs. Their existence was first recognized among organic compounds 
when a tetrahedral carbon atom was bonded to four different groups, as in lac- 


tc acid. 
`. 
© 
⁄ ` ⁄ ` 
H OH JBI OH 
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Figure 6-3 Diagrams of trischelate 
complexes showing how the absolute 
confgurations are defined according 
to twist. The two optical Isomers are 
oriented to show their mirror Image 
relationship. The view for cach is 
along the axis of threefold symmetry. 


One of Werner's accomplishments was to recognize that enantiomorpbs 
exist for certain types of octahedral complexes. He prepared and resolved these 
compounds and used this result to support his hypothesis that the coordination 
geometry was indeed octahedral. Among the most Important cenantiomorphous 
octahedral complexes are those that contain two or three bidentate ligands. The 
enantomorphs of a M(L—L);X; complex are shown as Structures 6-XX and 
6-XXI. Those of the M(L—L)s type are Structures 6XXII and 6XXIH. 


6*XXxII 


For the latter, which are called trischelate complexes, another useful way to 
regard them ¡is shown in Eig. 6-3, where the view ¡is perpendicular to one pair of 
Opposite triangular faces of the octahedron. Viewed ¡in this way, the molecules 
have the appearance of helices, like a ship ”s propellor, with the twist of the helix 
being opposite In the two cases. Figure 6-3 also defines a notation for the ab- 
solute configurations: A (Greek capital lambda) for laevo or left; A (Greek capi- 
tal delta) for dextro or right. 


Ionization Ísomerism 
Compounds that have the same empirical formula may still difer with re- 
spect to which anions are coordinated to the metal and which are present as 
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Counterlons within the crystal lattice. Such isomers yield different ions when dis- 
solved, as ïllustrated by Reactions 6-2.3 and 6-9.4. 


[Co(NH,)„CI;]NO; —> [Co(NH;)„Cl;]* + NOs (6-2.3) 
[Co(NH;)„CI(NO,)]Cl —> [Co(NH,)„CI(NO,)]*+CE (639.4) 


The two reactants [Co(NH,) ;CI„]NO; and [Co(NH;)„CI(NO,) ]Cl are ionization 
1somers. Consider also the three ionization isomers shown in Reactions 
6-2.5 to 6-9.7. 


LCo(en)s(NO,)CI]SCN ——> [Co(en);(NO,)CI]*+SCN-— (62.5) 
[Co(en)„(NO,)SCN]CI —> [Co(en)s(NO,)SCN]*+(ŒCI (6-2.6) 
[Co(en)s(SCN)CI]NO; ——> [Co(en);(SCN)CI]*'+NO; - (62.7) 


In these illustrations the square brackets are used to enclose the metal atom and 
all the lgands that are directly bound to it, namely, those groups that reside in 
the first coordination shell. This use of square brackets is a way of making this 
distinction in formulas when necessary and will be found In the research litera- 
ture. These brackets can, however, be omitted when no confusion would arise, as 
in Co(NH;);C1;. 

The concept of ionizadon isomerism provides the key to understanding 
many simple but otherwise puzzling observations. For example, there are three 
different substances of the composition CrCl;:6 HạO. One ¡s violet and 1s 
[Cr(H;O)¿]Cl;; it does not lose water over H;SO„ and all Cl is immediately pre- 
cipitated by Ag” from a fresh solution. The complex [Cr(H;O);CI]CI;:HạO is 
green; it loses one H;O over H;SO/¿ and only two thirds ofits chlorine content is 
precipitated promptly. The complex [Cr(H;O)„CI;]CI-2 HạO, which ¡s also 
green, loses two HạO over H;SO, and only one third o£ its chlorine content is 
promptly precipitated. 


Linkage Isomerism 

Some ligands can bind in more than one way, and often isomeric compÌexes 
with difefent modes of binding can be isolated. The oldest example is the iso- 
m€rIC palr 


lộ) 2+ 
c2 
(NH;),Co—N\ [(NH,);Co—O—N=O]?' 
O 
Niro Nitrito 


Other ligands prone to give linkage isomers, or at least to bind in đifferent 
ways in different compounds, are thiocyanate, SCN- (which may use either Š or 
Nas the đonor atom) and the sulfoxides, R;S=O (which may use either Š or O 
as the donor). A ligand that can bond in two Ways 1s called an ambidentate lig- 


and. 
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Coordination Isomerism -_- 
In compounds where both the cation and anion are complex, the đ¡istribu- 
tion of ligands can vary, giving ris€ tO 1SOI€TS. The following are examples: 


[Co(NH,);][Cr(CN)¿] and [Cr(NH;)¿][CGo(CN)a] 
[Cr(NH;)¿][Cr(SCN),]_ and - [Cr(NH;),(SGN);][Cr(NH,;);(SCN)a] 
[PU'(NH,)„][PUYGlj] and [PEY(NH;)„G1;][PUGL] 


Nomencldture for Coordindtion Compounds 


The names of coordination compounds are written by employing rules estab- 
lished by the International Union of Pure and Applied Chemistry (TUPAO). Qur 
discussion of the various rules for nomenclature will be aided by the following 
four examples, which wIll be discussed in the context of the pertinent rules. 


Example A. Na[{[PtC1;(NH;) ] 


Sodium trichloroammineplatinate (HH) 


Example B. K;[CuBr,] 


Potassium tetrabromocuprate (II) 


Example C. trans[Co(en);(T) (H;O) ](NO;); 


translodoaquabis(ethylenediamine)cobalt(HI) nitrate 


Example D. n/r-Ru(PPh;) zCl; 
er~Trichlorotris(triphenylphosphine)ruthenium(HH) 


RULE ï The names of neutral coordinaton compounds are øiven without 
spaces. For coordination compounds that are 1onic (1.e., the coordination 
sphere serves as either the cation or the anion o£an ionic substance), the catlon 
1s named first and separated by a space from the anion, as 1s customary for all 
ionic substances. No spaces are used within the name of the coordination ion. 

Thusin Examples A and B, the cations sodium and potassium are named first 
and separated by a space from the names of the anions. In Example C, the por- 
tion with the coordination sphere 1s the catilon, and is therefore named first, fol- 
lowed by the name of the counter anion, nitrate. Moreover, there are no spaces 
within the names of the coordination anions in Examples À and B, or in the name 
Of the coordination catlon in Example €. In Example D, since the coordination 
sphere 1s a neutral compound, the name is given entirely without spaces. 


RULE2 The name of the coordinadon compound (whether neutral, cationic, 
or anionic) begins with the names of the ligands. The metal is listed next, fol- 
lowed in parentheses by the oxidation state of the metal. 

In all four examples, regardless of the charge (or lack o£ charge) on the co- 
ordination sphere, the ligands are first named as a set, followed by the metal, and 
last, the oxidation state of the metal. The latter ¡s always enclosed in parenthe- 
ses, and can be deduced from the overall charges on the ligands and the net 
charge on the coordination sphere. 
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RULE 3 When more than one of a given ligand is bound to the same metal 
atom or ion, the number o£ such ligands is designated by the following pre- 
fixes: 


2 di 6 hexa 10 deca 
3 trì 7 hepta 11 undeca 
4 tetra 8 octa 12 dodeca 


5pentaa 9nona 


However, when the name o£ the ligand in question already contains one of these 
prefixes, then a prefix from the following list is used instead: 


2 bis 6 hexakis 
3 tris 7 heptakis 
4 tetrakis 8 octakls 
5pentaks  9ennea 


In Example A, since the name öf the CI' ligand (chloro) does not itself con- 
tan a prefix, we are free to use the prefix tri to designate three such ligands. 
However, Examples C and D are good i1llustrations of the use of bis and tris to 
designate two and three ligands, respectively, each of which already contains the 
prefix di or tri. That 1s tO say, 1t 1s the occurrence of the prefix di in ethyleneđ- 
amine that requires the use of the prefix bis to designate two ethylenediamine 
ligands in Example C. Moreover, It is the occurrence o£ the prefix trị in /rph- 
enylphosphine that requires the use o£ the prefix tris, designating three such 
phosphine ligands in Example D. 


RULE4  With the exceptions to be noted shortly, neutral ligands are given the 
same name as the uncoordinated molecule, but with spaces omitted. SpecIfic 
examples are 


(CH;)¿SO dimethylsulfoxide (DMSO) 
(NH.),CO urea 


€;H;N pyridine 

terpy terpyridine 

bpy 2,2-bipyridine 

SO, sulfurdioxide 

N; “ dinitrogen 

O; dioxygen 

PC]; trichlorophosphine 
PPhs triphenylphosphine 


P(OCH;); trimethylphosphite 

OP(CH:); trimethylphosphineoxide 
There are, however, some neutral molecules which, when serving as ligands, are 
given special names. These are 


NH; ammine 
H;O aqua 

NO nitrosyl 

CO carbonyl 

CS thiocarbonyl 
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In Examples A-D, the names of the neutral ligands are ammine, ethylene- 
điamine, aqua, and triphenylphosphine. These neutral ligands are distinguished 
from anionic ones by the fact that the latter are given names that end ïn “o,” ac- 
cording to Rule 5. 


RULE5 Anionic ligands are given names that end in the letter “o.” When the 
name of the free, uncoordinated anion ends in “ate,” the ligand name is 
changed to end in “ato.” Some examples are 


CH;CO: (acetate)  acetato 


SO/” (sulfate) sulfato 
COZ- (carbonate) carbonato 
acac acetylacetonato 


When the name of the free, uncoordinated anion ends in “ide,” the ligand name 
1s changed to end in “ido.” Some examples are 


NẺ (nitride) nitrido 
Ns (azide) azido 
NH;: (amide) amido 


(CH;)¿N- (dimethylamide) : dimethylamido 


When the name of the free, uncoordinated anion ends in “ite,” the ligand name 
is changed to end in “ito.” Some examples are 

NO; (nitrite) nitritO 

SOZ” (sulfite) sulfito 

C1Os (chlorite) chlorito 


Certain anionic ligands are given special names, all ending in “o”: 


GN- cyano 

JöB fuoro 
œ1 chloro 
Br” bromo 

L lodo 

lu nh OXO 

OŸ peroxo 
O; SUperoxo 
OH. hydroxo 
j3 hydrido 


CH:O" ' methoxo 


Organic groups, although implicitly considered to be anions, are given their reg- 
ular names, without an “o” ending. Some examples are 


CH: (Me) methyl 
G.,H; (EU cthyl 

€zH„ (Pr) propyl 
CạN; (Ph) phenyl 


In Examples A-D, the only anionic ligands are chloro and iodo. The nitrate 
anion 1n Example is not named as a ligand (¡.e., it does not end in “o”) because 
1t 1S not coordinated to the metal ion, serving only as the counterion. 
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RULE 6 The ligands are named in groups, according to charge. All anionic 
hgands are named first. Neutral ligands are named in the second group, and in 
Tare cases where they occur, cationic ligands are named last. Within each 
charge group, the ligands are named in alphabetical order, ignoring the pr€- 
fixes that are used to designate the number of each ligand. 

In Example A, the chloro ligands, being anions, are named before the am- 
mìne ligand, which ¡is neutral. In Example €, the anionic iodo ligand ¡is named 
first. Then the neutral ligands are named, aqua coming before ethylenediamine. 
In Example D, the anionic chloro ligands are named before the neutral tri- 
phenylphosphine ligands. (Notice that the prelxes bis and tris were ignored for 
PUrposes of assessing alphabetical order.) 


RULE 7 When the coordination entity is either neutral or cationic (asin 
Examples D and C, respectively), the usual name of the metal ¡is used, followed 
in parentheses by the oxidation state of the metal. However, when the coordi- 
nation entty 1s an anion, the name of the metal is altered to end in “ate.” This 
1s done for some metals by simply changing the ending “tum” to “ate”: 


scandium scandate 
titanium titanate 
chromium chromate 
Zirconium zZirconate 
niobium niobate 
ruthenium ruthenate 
rhodium rhodate 
palladium palladate 
rhenium rhenate 


For other metals, the name is given the ending “ate”: 


manganese manganate 
cobalt cobaltate 
nickel nickelate 
molybdenum  molybdate 
tantalum tantalate 
tungsten tungsfate 
platinum platinate 


Finally, the names of some metals are based on the Latin name o£ the element: 


Iron ferrate 
COpper  cuprate 
silver argentate 
gold aurate 


RULE8 Optical isomers are designated by the symbols A or A. Geometrical 
isomers are designated by øis or frưns and z2r or ƒze, the latter two standing for 
meridional or facial, respectively. 


RULE 9 Bridging ligands are designated with the prefix H-. When there are 
two bridging ligands of the same kind, the prefñx di-H- 1s used. Bridging ligands 
are listed in order with the other ligands, according to Rule 6, and set off be- 
tween hyphens. An important exception arises when the molecule 1s symmetri- 
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cal, and a more compact name can be given by lising the bridging ligand first. 
The following examples illustrate Rule 9: 


[(NH;)„Co—NH,—Co(NH,)„(H;O) ]Cl; 


Pentaamminecobalt(HI)-H-amidotetraammineaquacobalt(HD chloride 


4+ 


O, 
ˆ.- 
NHÉHU bu, ao 


N 
H, 


Tetraamminecobalt(III)-u-amido-w-superoxotetraamminecobaltT) 


The bridging —O;— group in the above example is named for the superoxide 
anion Oz, because physical data suggest the —]l charge. 


u-Hydroxobis[pentaanminechromium(HI) ] bromide 
Cl 
(NH.);P » (NH;); | CI 
{ t 
SA) `. 3/2 2 


Di-b-chlorobis[diammineplatinum(H) ] chloride 


RULE 10 Ligands that are capable of linkage isomerism are given specific 
names for each mode of attachment. Commmon examples are 


—S5CN-" thiocyanato 


—NCS" 1sothiocyanato 
—SeCN_" selenocyanato 
—NCSc isoselenocyanato 
—NO; nItrO 


—€NO” nitrito 


RULE TÌ Compounds that are hydrated (contain a ñxed and crystallographi- 
cally distinct number of water molecules of hydration ¡in the crystalline solid) 
are so designated as the last step in constructing the name of a coordination 


compound: 
=1HD@ monohydrate 
- 1.5 H:O sesquihydrate 
TT r) dihydrate 
si) trihydrate, and so on 


The designation of hydration is customarily set off from the name of the com- 
pound by a space. 


Some further examples are now presented. Note that in the chemical for- 
mula of a substance, the metal is listed first (not last as in the name), and that it 
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1S a common (though not universal) practice to enclose the coordination sphere 
in square brackets. 


T [Co(NH,),CO,]CI 


Carbonatopentaamminecobalt(IH) chloride 


9, [Cr(H,O)„CI,]CI 


Dichlorotetraaquachromium(IH) chloride 


3, K;„[OsCI,N] 


Potassium pentachloronitridoosmate (VI) 


4. [PhxAs] [PtC1,(H) (CH;) ] 


'Tetraphenylarsonium dichlorohydridomethylplatinate (II) 


5. Mo(Ph,PCH,CH,PPh,)z(N¿); 
Bis(1,2-diphenylphosphinoethane) bis(dđinitrogen)molybdenum(0) 


6. K;„[Fe(CN);NO]-2 HạO 


Potassium pentacyanonitrosylferrate (II) dihydrate 


The S†dgbility of Coordindation Compounds 
Equilibrium Consfants for the Formdotion of Complexes in Solution 


The formation of complexes in aqueous solution is a matter of great Importance 
not only in inorganic chemistry but also in biochemistry, analytical chemistry, 
and in a variety of applications. The extent to which a cation combines with lg- 
ands to form complex ions is a thermodynamic problem and can be treated in 
terms of appropriate expressions for equilibriuam constants. 

Suppose we put a metal ion M and some monodentate ligand L together in 
solution. Ifwe assume that no insoluble products or any species containing more 
than one metal ion arể formed, then equilibrium expressions of the following 
sort will describe the system: 


M+L=ML = TÔ n 
[M][L] 
jn 
[ML]IL] 
ML, + =ML = ELie- 1l 
ẫ “Ai 
MLy,,+L=MLy Ky= n (6-4.1) 


There will be Nsuch equilibria, where Nrepresents the maxinum coordination 
number of the metal ion M for the ligand L. The parameter )may vary from one 
ligand to another. For instance, AI?” forms AICI¿ and AIFš, and Co?* forms 


CoGIỆ— and Co(NH;)?", as the highest complexes with the ligands mdicated. 
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Another way of expressing the equilibrium relations 1s the following: 


` — [MLI] 
M+L=ML mini 
_ _— |ML] 
M+92L=ML, "mini 
† _ JML;] 
M+3L=ML, ÿ;¿= Air? 
4 + DI. 6-4.9 
M+NL=ML„, j„,= IMTILIF ( ) 


Since there can be only Nindependent equilibria in such a system, 1t is clear that 
the K¿s and the Bjs must be related. The relationship ¡s indeed rather obvious. 
Consider, for example, the expression for ;. Let us multiply both numerator 
and denominator by [ML][ML;], and then rearrange slightly: 


_ IML/] [MLIML)] 
[M]ILỮ. [MLJML,;] 
_ MU] [ML] [ML] 


B; 


=K&K,K, (6-4.3) 
It is not đifficult to see that this kind of relationship is perfectly general, namely: 


¡=k 
"“”.... lị (6-4.4) 
1 


ỉ 


The K,s are called the sf2#wise ƒormaiion constanis (or stepwise stability con- 
stants), and the B;s are called the øuøall frmation cơnstawfs (or overall stability 
constants); each type has its special convenience.: - 

The set of stepwise formation constants (Kjs) provide particular insight into 
the specles present as a function of concentrations. With only a few exceptions, 
there 1s generally a slowly descending progression ¡in the values of the K;'s in any 
particular system. Thịs is illustrated by the data for the Cd?*—NH; system, where 
the ligands are uncharged, and by the Cđ?*—CN- system where the ligands are 
charged. 


Cd”*+ NH;= [Cd(NH,)]?! K1" 

[Cd(NH;)]?' + NH; = [Cd(NH,),]?? JSC NỊU— 

[Cd(NH;);]?' + NH; = [Cd(NH,),„]?* J2 TU) ung 
[Cd(NH;);]?'+ NH; = [Cd(NH,)„]?! K=10998Ð0s<ig”1?) (645) 


Cd??+NF= [Gd(CN)]! K=ednu” 
[Cd(CN)]”+ CN = [Gd(CN);] K=1" 
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[Cd(CN);] + CN” = [Cd(CN);]” K=101% 
[Cd(CN);]” + CN" = [Cd(CN),]?- K=10°°5 (B,=10'%%) (64.6) 


Thus, as ligand ¡is added to the solution of metal ion, ML first forms more 
predominantly than any other complex in the series. As addition of ligands is 
continued, the ML; concentration rises rapidly, while the ML concentration 
drops. Then ML¿ becomes dominant, ML and ML¿ become unimportant, and so 
on, until the highest complex ML„y is formed to the nearly complete exclusion 
of all others at very high ligand concentrations. 

A steady decrease in K, as ¿increases is almost always observed, although oc- 
casional exceptions occur because of unusual steric or electronic effects. The 
principal reason for the decrease is statistical. At any given step, say from ML„ to 
ML„.:, there is a certain probability for the complexes ML„ to gain another li- 
gang, and a different probability for ML„,¡ to lose a ligand. As øz increases, there 
are more ligands to be lost and fewer places (M— ø) in the coordination shell to 
accept additional ligands. For a series of steps ML to ML¿,..., ML; to MLạ, the 
magnitude of log K, tends to decrease by about 0.5 at each step for statistical rea- 
sons alone. 

Many methods of chemical analysis and separation are based on the forma- 
tion o£ complexes in solution, and accurate values for formatlon consfants are 
helpful. For example, different transition metal lons can be selectively deter- 
mined by complexation with the hexadentate chelate EDTA“, shown in Fig. 6-4. 
By adjusting the concentration of EDTA“” and the pH, one ion can be com- 
plexed while another ion (which is simultaneously in solution) 1s not complexed., 
This ¡is the basis for the determination of Th` in the presence of divalent 
cations. The analysis is made possible by the large đdifference in formation con- 
stants for the EDTA“” complexes of the 4+ and 2+ cations. The EDTA“— ligand is 
less selective among ions of like charge, but the additon of CN” allows the de- 
termination of the alkaline earth cations in the presence of the cations oÊ Zn, 


É `. [Co(EDTA)]" 


N O 
`"! 
O O 
/ = : 
\ ï.sC `. TIẾP 
z ‹ ` / So : 
kí :NCH.CH.N: = SN: = EDIA 
Ơ 2 2 `8 Xế 
`. Ym x sấ 2} Š 
/ P) 2 Ñ ) L0 Tế 
O O 


Figure 6-4 The chelation ofa metal by the hexadentate ligand EDTA“. 
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Cd, Cu, Co, and Ni, because the latter form more stable complexes with CN" 
than with EDTAT. 


The Chelote Effec† 


As a general rule, a complex containing one (or more) five- or sixnembered 
chelate rings is more stable (has a higher formation constant) than a complex 
that is as similar as possible but lacks some or all of the chelate rings. A typical i- 
lustration 1s : 


NH;, s 
H,N NH; 
=. `4 : 
.‹9+ = = 10 Ế 
Ni?'(aq) + 6 NH;(aq) HẠN NH, B› 
NH; (aq) 
NH sẻ 
HN NH; 
xì): P 
NI 
Ni” (aq) + 3 HạNCH,CH;NH,(aq) = _ _.. w ti 
9 Hạ 
NH, 


(aq) 


The complex with three chelate rings is about 10'° times more stable. Why 
should this be true? AÁs with all questions concerning thermodynamic stability, 
we are dealing with free energy changes (AG°) and we first look at the contribu- 
tons oÊ enthalpy and entropy, to see 1Ý one or the other is the main cause of the 
difference. 


Wc can more directly compare these two reactions by combining them in the 
cequaton 


Ni(NH;)2' (aq) + 3(en) (aq) = Ni(en)§°(aq) + 6 NH;(aq) (6-4.7) 
(en = ethylenediamine) 


for which 


tŒTN)””” 
AÁG" = -FTIn Ẩ=-67 kJị mol'=AH°—TAS° 
ANH” = -12 kị möl"' 
—T AS° = -B5 k] mol" 
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Ït is evident that both enthalpy and entropy favor the chelate complex, but the 
€ntropy contribution is far more important. Data for a large number of these re- 
actions, with many different metal ilons and ligands, show that enthalpy contri- 
butions to the chelate effect are sometimes favorable, sometimes unfavorable, 
but always relatively small. The general conclusion is that ¿b2 cheÌa/ứe €[ƒeCÍ 1S 6SSểH- 
tiall an en(roby effct. The reason for thịs is as follows. 

The nickel ion is coordinated by six HO molecules. In each of the first two 
reactions, these six HO molecules are liberated when the nitrogen ligands be- 
come coordinated. On that score, the two prOCcesses are equivalent. However, in 
one case sxNH; molecules /ose their freedom at the same time, and there is no 
net change in the number o£ particles. In the other case, only #z£en molecules 
lose their freedom, and thus there is a net increase of 3 mol of individual mole- 
cules. The reaction with three en causes a much greater increase in disorder 
than does that with six NHạ molecules and, therefore, AS° is more posItIve (more 
favorable) in the former case than ¡n the latter. It is easy to see that this reason- 
¡ng is general for all such comparisons of a chelate with a nonchelate process. 

Another way to state the matter is to visualize a chelate ligand with one 
donor atom attached to a metal ion. The other donor atom cannot then get very 
far away, and the probability of it, too, becoming attached is greater than if it 
Wwere in an entirely independent molecule, with access to the entire volume of so- 
lution. Thus the chelate effect weakens as ring size increases. The effect is great- 
est for five- and sixmembered rings, becomes marginal for seven-membered 
rings, and 1s unimportant thereafter. When the ring to be formed ¡s large, the 
probability of the second donor atom attaching itself promptly to the same metal 
atom 1s no longer large as compared with Its encountering a different metal 
atom, or as compared with the đissociation of the first donor atom before the 
second one makes contact. 


Redciivi†y of Coordindgtion Compounds 


Virtually all of transilon metal chemistry and a great deal of the rest of Inorganic 
chemistry could be included under this tide, taken in its broadest sense. Ônly 
three aspects will be covered in this and the following sections: substitutlon, elec- 
tron-transfer, and isomer1zation reactions. Additonal aspects of reactivity wHl be 
discussed in Chapters 28-30, under organometallic compounds. A detailed cor- 
relation of structure, bonding, and reactivity will have to be postponed unuil 
Chapter 23 and later, when a discussion o£ bonding in coordination compounds 
can be developed. 


Subsfitution Redctions of Oc†tahedrdl Complexes 


The ability of a complex to engage in reactions that result in replacing one or 
more ligands in its coordination sphere (by other ligands in solution, for in- 
stance) is called its lability. Those complexes for which such substitution reac- 
tions are rapid are called labile, whereas those for which such suÐstitutlon reac- 
tions proceed slowly (or not at all) are called mert. We note that these terms are 
kinetic terms, because they reflect rates of reaction. These terms should not be 
confused with the thermodynamic terms stable and unstable, which refer to the 
tendency of species to exist (as governed by the equilibrium constants K or ÿ) 
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under equilibrium conditions. À simple example of this distinction is provided 
by the [Co(NH;)¿]Ÿ? ion, which will persist for months in an acid medium be- 
cause of its kinetic inertness (slow reactivity) despite the fact that it is thermody- 
namically unstable, as shown by the large equilibrium constant (K ~ 10””) fơ# 
Reaction 65.1. 


[Co(NH,)s]** +6 HạO* —> [Go(H;O)¿]Ÿ* + 6 NH¿ (6-5.1) 


In contrast, the overall formation constant (Ö¿ = 1022) for Reaction 65.2 indi- 
cates that the thermodynamic stability of [Ni(CN)¿]?” is high. 


Ni +4CNF —> [NI(CN),]”“ (6-5.2) 


Nevertheless, the rate of exchange of CN” ligands with excess CNr ïn solution 1s 
immeasurably fast by ordinary techniques. The complex [N¡(CN)¿] ?“ is both 
thermodynamically stable and kinetically labile; the terms are not contradictory. 
In other words, it is not required that there be any relationship between ther- 
modynamic stability and kinetic lability. Of course this lack of any necessary r€- 
latdon between thermodynamics and kinetics is generally found in chemistry, but 
1s appreciation here is especially mportan. 

A practical deiinition of the terms labile and inert can be given. Inert com- 
plexes are those whose substitution reactons have halflives longer than a 
minute. Such reactions are slow enough to be studied by classical techniques 
where the reagents are mixed and changes in absorbance, pH, gas evolution, 
and so on, are followed directly by the observer. Data can be taken conveniently 
for such reactions. Labile complexes are those that have halfFlives for a reactlon 
under a minute. Special techniques are required for collecting data during such 
reactions, as they may appear to be finished within the time of mixing. 

In the first transition series, virtually all octahedral complexes save those of 
Crf and Co, and sometimes Fe”, are normally labile; that is, ordinary com- 
plexes come to equilibrium with additional ligands (including water) so rapidly 
that the reactions appear instantaneous by ordinary techniques of kinetic mea- 
surement. Complexes of Co”"' and Cr”" ordinarily undergo substitution reactions 
with halflives of hours, days, or even weeks at 25 °C. - 

Two extreme mechanistic possibiliies may be considered for any ligand sub- 
stitutlon process or for any singlÌe step in a series of substitution reactions. First, 
there is the dissociative (D) mechanism in which the ligand to be replaced dis- 
sociates from the metal center and the vacancy In the coordination sphere 1s 
taken by the new ligand. This mechanism is shown in Reaction 6-5.3: 


[Lm]— “ [L;M] ý âm [L,MY] (65.3) 
Eive-coordinate fast 
1ntermediate 


where L represents a nonlabile ligand, X is the leaving ligand, and Y ¡s the en- 
tering ligand. The important feature o£ such a mechanism is that the first step 
(dissociation of the leaving group) 1s rate determining. Ônce formed by cleav- 
age of the bond to the leaving group, X, the five-coordinate intermediate will 
react with the new ligand, Y, almost immediately. This mechanism for ligand sub- 
stituton 1s comparable to the Sql mechanism in organic systems, because the 
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formation of the intermediate with reduced coordinatdion number is unimolec- 
ular, as well as rate determining. 

The other extreme possibility for ligand substitution is the addition- 
elimination mechanism, or the associative (A) mechanism. In this case the new 
ligand, Y, directly attacks the original complex to form a seven-coordinate inter- 
mediate in the rate-determining step, as shown in Reaction 6-5.4. 


X 
n 
lệ nã. 0U, LMC  ñDMY|2X (6-5.4) 
Y 


After rate-determining association between the entering ligand Y and the metal 
complex, the leaving group X is lost in a fast step. The rate-determining step is 
bimolecular for the mechanism shown by Reaction 6-B.4. 

Unfortunately, these two extreme mechanisms are just that—extremes—and 
observed mechanisms are seldom so simple. Instead of a five- or seven-coordi- 
nate intermediate, a transition state may be reached in which some degree of 
bond breaking accompanies a given degree of bond making. The interchange of 
the ligands X and Y could be accomplished mostly by breaking the bond to the 
leaving group (interchange-dissociative, lạ) or by making the bond to the en- 
tering group (interchange-associative, I,), but in each case both ligands are 
bound to the metal to one extent or another. Figure 6-5 presents reaction pro- 
files for each of the four mechanistic cases Just mentioned. 

To complicate matters further, the rate law that is determined for a reaction 
from kinetdc data cannot be used to identify the mechanism for that reaction. 
Thịs 1s so because additional steps In the overall substitution may take place, ob- 
scuring the simple fñirst- and second-order rate laws that are expected for uni- 
molecular and bimolecular processes, respectively. The three most important 
cases that 1llustrate this sort of complication are (1) solvent intervention, (2) lon- 
pair formation, and (3) conjugate-base formation. 


1. Solvent intervention. Many reactions of complexes have been studied 
in solvents that are themselves ligands. Water, for instance, 1s a respectable 
ligand, and is present in aqueous solution in high and effectively constant 
concentration (~55.5 M). The substitution of X by Y might take place by the 
sequence of Reactions 6-ð.5 and 65.6. 


[LạMX] + H;ạO ——> [L;MH;O] + X (Slow) (6-5.5) 
[LạMH;O] +Y —> [LzMY] + HạO (Fast) (6-5.6) 


A simple firstorder rate law would be observed, and yet either Reacuon 6-5.5 
or 6-5.6 could proceed by an A (or lạ) or a D (or l¿) mechanism. 
Intervention of the solvent in Reaction 6-5.5 obscures the molecularity of 
the rate-determining step; the reaction will necessarily be obscrved to be first 
order because of the high and constant concentration of the entering ligand, 


HO. 
2. lon-pair formation. When the reacting complex and the entering lig- 


and are both ions, especially when both have hign charges, lon pairs (or Out€r- 
sphere complexes, 4s they are sometimes called) wIll form, as in Reaction 6-5.7. 
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[L,MX] 8 hán 6e lÌ Du P, GIẢ 416840 (65.7) 


In the product of Reaction 6-5.7, the entering ligand Y has been stabilized at the 
outer edge of the coordination sphere of the complex [LMX]”* primarily by 
celectrostatics. In cases where charges on ions are not involved, an €ntering øroup 
Y may be bound at the periphery of the metal complex through, for instance, hy- 
drogen bonding. Outer-sphere or ion-pair equilibrium constants K,„ are gener- 
ally in the range 0.05-40, depending on the charges on the ions and on their eE 
fective radii. Where ion pairs (or neutral outer-sphere complexes) are featured 
as Intermediates in the reaction path that leads to ligand substitution, then ob- 
served rate laws will be second order, whether or not the mechanism at the rate- 
determining step involves associative or dissociative activation. 

3. Conjugate-base formation. When experimental rate laws contain [OH” 
], there is the question whether OH~ actually attacks the metal in a true associa- 
tive fashion, or whether it appears in the rate law through operation of the mech- 
anism shown in Eqs. 6-5.8 and 6-5.9. 


[Co(NH;,);CI]?' + OH- = [Co(NH;)„(NH,)Cl]*+H,O (Fas) (65.8) 


[Co(NH,),(NH,)CI -——^—-> [Co(NH,), VỶ" +CE (Slow) (65.9) 


In this conJugate-base (CB) mechanism, the hydroxide first deprotonates a 
ligand (usually NH;) forming the conjugate base, here leading to the NHỹ li- 
gand. Ít is then the conJugate base of the original metal complex that reacts with 
the Incoming ligand, as in Eq. 6-5.9. 


Water Exchange in Aqua lons 

Since many reactions in which complexes are formed occur In aqueoUs so- 
lution, one of the most fundamental reactions to be studied and understood is 
that in which the water ligands in the aqua ion [M(H;O)„]”” are displaced from 
the first coordination shell by other ligands. Included here is the simple case In 
which the new ligand is another water molecule, the water-exchange reaction. 

A partial survey of results is given ¡in Fig. 6-6. Not shown here are systems 
where the water exchange is characteristically slow: Cr””, Co”, EM. II, and 
PƯỨ”. These five typically inert aqua ions have exchange rate constants in the 
range 10'3~10Ẽ sˆ, Those ions included in Fig. 6-6 are broadly considered to be 


Figure 6-5 The four general mechanisms for ligand substitution in the complexes [ML,X], 
where L are nonlabile ligands, X is the leaving ligand, and Y is the entering hgand. (z) The asso- 
ciative (A) mechanism in which an intermediate of expanded coordination number is formed 
first through rate-determining entry of the hgand Y. (ø) The interchange-assoclative mechanism 
(1), in which the transition state is reached mostÌy through formation o£ the bond (M--::Y) to 
the entering ligand. The notations [ML„X];Y and [ML;Y];X for the T€aCLants and products, re- 
spectively, represent outer-sphere complexes (or ion pairs) as formed _ Reaction 6-5.7. (c) The 
interchange-dissociative mechanism (L,), in which the transition state is reached mostly through 
breaking the bond (M--::X) to the leaving ligand. Again, the reactants and Products ar€ OUter- 
sphere complexes (or ion pAIrS) 45 featured in Reaction 6-5.7. (đ) The dissociative or D mecha- 
nism in which an intermediate of reduced coordination number is formed first through rate- 


determining cleavage of the bond to the leaving groUp. 
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labile, but a range of 10° in lability is covered. lt is convenient to divide the ions 
into four classes, depending on these rate constants for wat€r exchangc: 


Class IL. Rate constants for water exchange exceed 108 s1 for ilons that fall 
into this class. The exchange process is as fast here as is allowed by diffu- 
sion within the solvent, that is, these are diffusion-controlled reactions. 
lons that fall into this class include those of Group IA(1), Group HA(2) 
(except Be and Mg), Group IIB(12) (except 7) 0C andG." 
from the first transition series. 

Class II lons that fall into this class have water-exchange rate constants in 
the range 104-108 s1. These include many of the 2+ ions of the first tran- 
sition series (excepting VỶ*, which is slower and Crˆ* and Cu”", which are 
in Class I), and the 3+ ions of the lanthanides. 


Class III. Water exchange rate constants cover the range 1~10 sˆ” for ionsin 
this class: Be?*, Al?*, Ga?*, V°*, and some others. 


Class IV. These are the ions mentioned previously that are inert, having rate 
constants for water exchange in the range 107)~10”° s””. 


There are a number of important trends that should be noted in the data of 
Eig. 66. Eirst consider either of the series of lons in Groups IA(1), HA(2), 
IIB(19), or IIB(13), where partially ñlled đ orbitals are not featured. In each of 
these series, the exchange rate constant decreases as the size of the lon de- 
creases, that is, exchange rates are lower for the smaller ions. We expect that the 
leaving ligands will be more tightly bound by ions o£ smaller size because the 
smaller ions (of those with a given charge) are the ones with the higher charge 
densities. The data of Fig. 6-6 indicate, then, that a dissociative process (D or lạ) 
Operates in water exchange; dissociation of the leaving group 1s sÌower (smaller 
rate constants) where the leaving group is bound more tightly (to a smaller ion). 

Such simple correlations of rate and size do not work for Ions of the transi- 
tion series, where the number of đ electrons can influence reactivity. Compare, 
for instance, CrŸ*, Ni?', and Cu”*, which have similar radii, but different reactiv- 
ities. Also, the inertness of CoŸ” is completely out ofline with ionic size. More will 
be said later about these ions. For now, it 1s useful to note that transition metal 
ions that are typically inert include those with đ° electron configurations (Co”, 
Rh”, and Ir”") and those with đ” electron configurations (Cr”*). The character- 
istically labile ions include the đ' (Cr”") and đ” (Cu?) systems. 


Anation Reactions 


An important reaction of the aqua ions is the addition of an anion, as in 
Reaction 6-5.10: 


[M(H,O)s]”'+X~ — [M(H,O),X]t—-D* + H,O (6-5.10) 


Such reactions are especially germane to the synthesis of new complexes starting 
with the sinple aqua ions. Anation reactions may aÌso be considered to include 
reactions In which coordinated water in the substituted complexes [ML;H,O]”* 
1s replaced by an incoming anion. In either case, two remarkably general obser- 


vatlons have been made concerning the rates at which water ligands are replaced 
by anlons: 


` 


Group IA(1) 


Group lHA(2) 


Group IIIB(13) 
and lanthanides 


Group IIB(12) 


First 
transition 
SerieS 
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Class III Class II Class | 


HD)” 101 102 103 104 105 T05 107 108 109 1010 
k(s"1) 


Figure 6-6  Characteristic rate constants (s””) for substitution of inner-sphere water ligands in 
various aqua ions. [Adapted from M. Eigen, Pre Aøpl. Chzm., 1963, ó, 105, with revised data 
kindly provided by M. Eigen. See also H. P. Bennetto and E. E. Caldin, j. Chem. Soc. A, 1971, 


2198.] 


1. For a given aqua ion and a series of entering monoanions X” (or a sepa- 
rate series of đianions), the rate constants for anation show little or no đe- 
pendence (< a factor of 10) on the identity of the entering ligand. 

2. Rate constants for anation of a given aqua ion are practically the same 
(perhaps ~10 tìmes slower) as the rate constant for water exchange Íor 
that aqua ion. 


The rnost reasonable explanation for these observations is that the overall 
process involves the following threc steps: 


Kẹ 

II + X = IMCROïjD” (6-5.11) 
[[M(ŒH,O),]XỊ”?!—›|[M(H,O),]XỊ””*+H,O — (65.12) 
([M(H,O),]XỊ””?' -—>[M(H,O),XỊ”””" (6-5.13) 


In the ñirst step an outer-sphere complex (here an ion pair) is formed with an 
cquilibrium constant K, (Reacton 6-5.I1). A coordinated water molecule 1s 
then lost (Reaction 6-5.12) with rate constant lạ, a rate constant that should be 
close to that for water exchange in the parent aqua ion. In the third step, which 
1s very fast, and may not be distinct from the second step, the entering ligand X” 
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slips into the coordination spot vacated by the water ligand. The most apprOpri- 
ate rate law for the overall sequence of reactions 6-ð.L1 to 65.13 1s given by Eq. 
6-5.14: 


rate = k„„[M(H;O)Z*'][X ] (6-5.14) 


EFxperimentally, one expects to observe second-order kinetics where such a 
mechanism operates, and the observed second-order rate constant *#„¡„ should 
be cqual to the product K;¿. Values for K.. can be estimated and factored out 
of the experimentally determined *¡„„ yielding đo. When this is done, for any of 
a number of anation reactions, the values for kạ closely resemble those for the 
simple water exchange in [M(H;O)¿] “+ Thịs ¡s taken to be evidence that the 
mechanism for anation also involves dissociative activation. When coupled with 
a lack of dependence on the identity of the entering ligand (as long as lons Of 
like charge are compared), this argument 1S COnVInCInE. 


Aquation Reactions 

Complexes that are present in aqueous solution are susceptible to aquation 
or hydrolysis reactions in which a ligand is replaced by water. Even where other 
entering ligands Y are part of an overall reaction, it appears that there are few r€- 
actions in which the leaving ligand X is not first replaced by water. Thus solvent 
intervention is a key feature in substitutions of X by Y, and aquation o£ the li- 
gand Xin [ML„X] is a reaction of fundamental importance. 

Our discussion will emphasize aquation of the ligand X in amine complexes 
of Co! as seen in Reaction 6-5.15, where A represents an amine-type ligand such 
as NH:. 


[CoA„X]”t+ HyO ——> [CoA;OH¿](*+Ð* + X- (6-5.15) 


The rate law observed for such aquation reactions is a two-term rate law, shown 
in Eq. 6-5.16. 


rate = #„[CoA,X"*] + k,[CoA„X"*][OH-] (6-5.16) 


The first term, involving the acid hydrolysis rate constant k„ predominates at low 
pH, where [OHT] is low. The second term, involving the base hydrolysis rate con- 
stant È¿, predominates at high pH. The two-term rate law 1s an Indication that 
two paths for aquation are possible, an acid hydrolysis and a base hydrolysis re- 
action path. At Intermediate values of pH, both paths will be available. In gen- 
eral, h, is approximately 10 tỉmes #„ and ¡t is often true that complexes that are 
Inert under acidic conditions become labile in the presence of bases. The am- 
mines of Co”", for instance, are so labile towards substitution in aqueous base 
that they generally decompose in that medium through rapid, successive substi- 
tutlons leading to hydroxides and hydrous metal oxides. 


Acid Hydrolyss. The general equation for acid hydrolysis is Reaction 6-5.15. 
The ligand undergoing substitution is replaced in the first coordination sphere 
by the entering ligand, water. Since the entering ligand is presentin high and ef- 
fectively constant concentration, the rate law does not contain [HạO], and tells 
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u§ nothing about the order of the reaction with respect to water. The rate law 1s, 
1n fact, simply a first-order rate law, as shown in Eq. 6-5.17: 


rate = È„[CoA,X"*] (6-5.17) 


and the observed rate constant is always a simple, first-order rate constant, È„. For 
these reasons, the rate law itself does not provide the means for deciding 
whether the reactions proceed by D or A mechanisms. The means for deter- 
mining mechanism must be sought elsewhere. Hundreds of specific reactions 
have been studied, and although numerous exceptions exist, most acid hydroly- 
Sis reactions o£ octahedral complexes appear to proceed through dissociative 
proc€sses (D or lạ). Some of the evidence that supports this conclusion comes 
from the study of (1) leaving group effects, (2) steric effects, and (3) charge e£ 
fects. 

The effect of the leaving ligand on the acid hydrolysis rate constant È„ can 
be seen in the data of Table 6-1. C. H. Langford (and later A. Haim) has pointed 
out that the dependenee 1s linear. This is shown in Eig. 6-7, and is called a linear 
free energy relationship. The rate constant È„ for Reaction 6-5.15 is seen to be 
linearly dependent on the equilibrium constant K,„ for Reaction 6-5.18. 


[CoA;OH,]#'+ X =CoA,X?'+HẠO  K, (6-5.18) 


Where the equilibrium constant K, is largest, the anion X” (here NCS” or F”) 1s 
most tightly bound to cobalt in the complex CoAzX”°. As can be seen in the data 
o£ Table 6-1, these are also the systems that are least labile (have the smallest #„). 
The most labile complexes (large h„) have the least tighdy bound anions X” 
(small K,). One concludes that the strength of the bond to the leaving group 1s 
important ín controlling the rate of the reaction. Furthermore, that the slope in 
Fig. 6-7 is exactly 1.0, as pointed out by Langford, Iindicates that the nature of£X” 
in the transition state ¡is the same as its nature ïn the products of the reaction: a 
solvated anion. In other words, one must completely cleave the bond to the leav- 
ing group in order to reach the transition state for the reaction. Â đissociative 
mechanism ¡is suggested, and I¡ is the most reasonable proposal since no Íive- 
coordinate intermediate has been detected. 

Linear free energy relationships have been observed for other reactions. A 
plot similar to that of Eig. 67 can be constructed from the data for Reaction 


6-5.19. 
[IrA;X]?† + HạO = [IrA;OH;,]** + X~ (6-5.19) 


The slope for such a plot 1s 0.9, and the rate constants È„ follow the trend NOz > 
T >Br >CT-. The smaller slope indicates a less complete requirement for break- 
¡ng the bond to the leaving group before the transition state is reached. 

The dissociative nature of the acid hydrolysis mechanisms for octahedral 
complexes is also indicated by studies of steric effects. The data obtained by R. 


G. Pearson for Reaction 6-5.20 are typical. 


[Co(A—A);CI,]? + HạO ——> [Co(A—A);CI(OH,) ]*®+€OL (635.20) 
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Table ó-I  Rate Constants #„ for the Reactions 
[CoA,X]?*+ HạO ——> [CoA;OH¿]”' + X~ 
and Equilibrium Constants K, for the Reactlons 


[CoA;OH,]#* + X” = [CoA;X]?!? + HạO 


......ÀÔÔ__ .. .. “` 65s .ac..ẹ.aeaăss sšä 


).$% k„ (s”) - K,(M`) 
......LÌ L7... ........ e5... 
NCS- 5.0x 109 470 
E 8.6 x 10” 20 
H,PO¿ 26x10” 7.4 
Giz T.7ze10= 1.95 
BC 6.3 x 108 0.37 
ID 8.3 x 108 0.16 
NO; 27x10” 0.077 


Slope = 1.0 


log Š„ 


-l0g K„ 


k 

CoA,X”+H,O — CoAgH;O?*+X- 
3+ _ Ẳ 2+ 

CoA;OH,; “+ X~ = CoA;X“” + HO 


Figure 6-7  A plot of log #„ (the acid hydrolysis rate 
constant for Reaction 6-5.L5) versus -log K&, (the equilib- 
rium constant for Reacton 6-5.18). The slope of the plot 
1s 1.0, indicating that factors controlling the strength of 
the Co—X bond (as measured by K,) also influence the 
lability of the Co—X bond (as measured by *,). 


6-5 Redciivity of Coordinotion Compounds 197 


The ligands A—A in Reaction 6-5.20 are bidentate điamines that have been sub- 
stituted in the carbon chains to provide increased crowding 1n the coordination 
sphere of the cobalt reactant. The data in Table 6-2 are typical of those for reac- 
tions that exhibit steric acceleration; the complexes having the larger ligands 
(A—A) react more quickly. Dissociative activation is indicated. No ñive-coordi- 
nate intermediate has been detected, so an lạ mechanism is assigned. 

Charge effects also indicate dissociative activation for substitution reactions 
of octahedral complexes of cobalt. Compare, for Iinstance, 


[Co(NH;);CI]?* UP =07⁄10 n) 
with 
trans-[Co(NH;)„CI;]7 (""=Iox<]0 s') 
Table 6-2 Acid Hydrolysis Rate Constants for Aquation of the First Chloride Ligand 


in the Complexes /zws-[Co(A—A)sGI;]°. A—A Represents a Bidentate Diamine Ligand 
with Increasing Substitution in the Carbon Chain” 


". k„(sĐ) 

HạN.  .NH; J9 X10 ` 
CH; 

= 6.2 x 107" 
HạN. .NH; 
HạC CH; 

=— 415.10. 
HN. .NH; 
HạC CH; 

H,C-—{—CH, 3.3 x 1073 
TN Ô ìU.: 


“From the work of R. G. Pearson, €. R. Boston, and E, Basolo, Ƒ. Az. Chzm. Soc., 1953, 75, 3089. 


t 


Where the charge on the cobalt reactant is higher, the rate of separaton of the 
amion CÌ" 1s sÌlower. 

There are exceptions, but the majority of octahedral complexes appear to 
undergo substitution through mechanisms that involve dissociation of the leav- 
ing øroup as a predominant step. However, the extreme D mechanIsm should be 
assigned only to those rare systems where a five-coordinate intermediate can be 
đetected. 


Base Hydrohsis. Aquation reactions of octahedral complexes of Co”" that 
take place in basic solution display the rate law shown in Eq. 65.21, 


rate = k,[CoA;X”*][OHF] (6-5.21) 
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This is simply the second-order term in the general rate law, Eq. 6-5.16. The sec- 
ond-order rate term in Eq. 6-ð.16 predominates in basic solution, so that one ob- 
serves simple second-order kinetics (Eq. 65.21). 

The interpretation of a term of the type k„j[CoAzX”*][OH-"] in a rate law for 
base hydrolysis has long been disputed. It could, of course, be interpreted as rep- 
resenting a genuine associative (A) process: OH being a nucleophile. However, 
the possibility of a CB mechanism (Reactions 65.8 and 6-5.9) must be consid- 
ered. There are arguments on both sides, and it is possible that the mechanism 
for base hydrolysis may vary for different complexes. Studies of base hydrolysis 
of Gơ"”" complexes suggest that, for these complexes, the CB mechanism 1s the 
reasonable one. 

As already mentioned, base hydrolysis of Co”"" complexes is generally much 
faster than acid hydrolysis because *È„ < k, in Eq. 65.16. This, in itself, provides 
evidence against a sinple A mechanism. Therefore, this reaction favors the CB 
mechanism, because there is no reason to expect OH” to be uniquely capable of 
attack on the metal. In the reactions of square complexes, OHˆ turns out to be 
a distinctly inferior nucleophile toward PL”. 

The CB mechanism, of course, requires that the reacting complex have at 
least one protonic hydrogen atom on a nonleaving ligand, and that the rate of 
reaction of this hydrogen be fast compared with the rate of ligand displacement. 
It has been found that the rates of proton exchange in many complexes subject 
to rapid base hydrolysis are, in fact, some 10” times faster than the hydrolysis it- 
sẽlf Tef5” mã [Co(NH,);C1]?* and [Co(en)„NH;C1]?*). Such observations are in 
keeping with the CB mechanism but afford no positive proof oÝ it. 

If the CB mechanism is correct, there is the question o£ why the conjugate 
base so readily dissociates to release the ligand X. In view o£ the very low acid- 
ity of coordinated amines, the concentration of the conjugate base 1s a very 
small fraction of the total concentration o£ the complex. Thus, Its reaCtivity 1s 
enormously greater, by a factor far in excess of the mere ratio of šy/k„. lt can 
be estimated that the ratio of the rates of aquation o£ [Co(NH;)„NH;CI]” and 
[Co(NH;);„CI]?* must be greater than 10°. Two features of the conjugate base 
have been considered in efforts to account for this reactivity. First, there is the 
obvious charge effect. The conjugate base has a charge that is one unit Ìess 
posive than the complex from which ït is derived. Although it is difficult to 
construct a rigorous argument, it seems entirely unlikely that the charge ef- 
fect, in itself, can account for the enormous rate difference Involved. It has 
been proposed that the amide ligand could labilize the leaving group X by a 
combination of electron repulsion in the ground state and a #-bonding con- 


tribution to the stability of the five-coordinate Intermediate, as is suggested in 
Fig. 6-8. 


Atifack ơn Ligands. There are some reactions where ligand exchange does not 
involve the breaking of metal-ligand bonds; instead, bonds within the ligands 
themselves are broken and reformed. One well-known case is the aquation of a 
carbonato complex according to Reaction 6-5.22, 


[Co(NH;);OCO,]* + 9 Hạ*O* ——>› 
[Co(NH;)„(H,O)]#! + 2 H,*O +CO, (65.99) 
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Figure 6-8 A diagram showing how an 
amide group can promote the dissociation 
of the trans ligand X through (2) electronic 
repulsion in the ground state and (ở) stabi- 
lization of the five-coordinate intermediate 
via Ơ bonding. 


When Isotopically labeled water (H;*O) is used, it is found that no *O gets into 
the coordination sphere of the cobalt during aquation. 

The most likely path for this aquation involves proton attack on the oxygen 
atom bonded to cobalt (Structure 6-XXTV). This attack ¡s followed by elimina- 
tioön of CÔ; and protonation of the hydroxo complex, as in Reaction 6-5.23. 


z 
Co(NH,),—O-~-CC 
Hộ Kề: Mới hot Ñ 
sài Ẻ 
+ 
HỆ +H | 
[Co(NH,);(H;O) ]?” 


Transition state 
6XXIV 


As another example, consider the reaction of nitrite with the pentaam- 
mineaquacobalt(IIH) ion, as in Reaction 65.24. 


[CoA;(*OH,)]$*+ NOs — [CoA;(N*OO)]?'+H,O — (65.94) 


Isotopic labeling studies show that the oxygen of the aqua ligand ¡s one of the 
oxygen atoms that is found in the nitro ligand. Thịs remarkable result can be ex- 
plained by the sequence of Reactions 65.25 to 6-5.27: 


2 NO§ + 9 H*=N;O; + H,O (6-5.25) 


(NH;);Co—*Q---H 
Ị (6-5.26) 
ON---ONO 


[Co(NH,);*OH]?” + NO; => 


ca “Transition state 


HNO, +[Co(NH,),*ONO]?+—#°"_› [Co(NH,),(NO*O)]”° (65.37) 


In the transition state, it is an O—H bond that ¡is broken, not a Co——O bond. 
The oxygen of the aqua ligand Is, therefore, retained ïn the mitro hgand. 
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Substitution Reactions in Squore Complexes 


For square complexes, the mechanistic problem is more straightforward and bet- 
ter understood. One might expect that four-coordinate complexes would be 
more likely than octahedral complexes to react by associative pathways because 
the coordination sphere is less congested to start with. Extensive studies of Pt" 
complexes have shown that this is true. 

or reactions in aqueous solution, of the type shown in Reaction 6-5.28, 


PtLạX+Y —> PtLạY+ X (6-5.28) 


L represents nonlabile ligands, X ¡s the leaving hgand, and Y ¡is the entering li- 
gand. Reactions of the type shown in Reaction 65.28 are found to have the rate 
law shown in Eq. 6-5.29. 


rate = ,[PtLạX] + k;[PtLaX][YI (6-5.29) 


Such a two-term rate law indicates that two paths are available for reaction: a 
firstorder path characterized by the rate constant &¡ and a second-order path 
characterized by the rate constant ha. It is believed that the second path (É;¿) pro- 
ceeds through a genuine associative (A) mechanism in which Y is added to the 
Pt center to form a five-coordinate intermediate. The first path (š¡) represents a 
two-step process in which X is first replaced by solvent (water) in the rate-deter- 
mining step. (This k¡ path involves, then, solvent intervention, and must, for the 
same reasons previousÌy discussed for aquation reactions of octahedral com- 
plexes, obey firstorder kinetics.) The &¡ path is completed when the intervening 
water ligand is, in turn, replaced by Y. The two paths indicated by the rate law 
(Eq. 65.29) are shown in Eig. 69. Both paths appear to involve associative acti- 
vation, and A or I„ mechanisms for each step of either the #¡ or the h¿ paths are 
assigned. Some of the evidence for this follows. 


MLẠOH; +X 
hị +Y 
+HạO fast 
h 


Figure 6-9 The two rcac- 
tion paths for ligand substitu- 
tion in square complexes, as 
indicated by the two-term rate 
law, Eq. 65.29. The #¡ path in- 
volves rate-determining forma- 
tion of the aquated Intermedi- 
ate [PtL;(OH,)]”*" and 
subsequent, rapid substitution 
of the aqua ligand by Y. Both 
Of these steps in the &¡ path 
2ppear to Involve assOclative 
activation. The *; path Involves 
đirect replacement of X by Y, 
also via associative activation. 
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Charge Effects 
Consider the series of PU" complexes with charges varying from +] to —2: 


LPL(NH;);CI]” [P:(NH,);CI;] [Pt(NH.)C1;]_ [PtCI,]” 


The observed rate constants š¡ (for aquation in water solvent) vary only by a fac- 
tor of two. Thịs is a remarkably small variation, given the large differences in 
charge among the complexes. The Pt—Cl bond breaking should be more diffi- 
cult in the complexes with the higher positive charge. Also, complexes with the 
higher positive charge should favor approach of the nucleophile. Since neither 
Of these trends is observed, an associative prOCe€ss 1s indicated in which both 
Pt—CI bond breaking and Pt—OH; bond making are of comparable impor- 
tance. 


Steric Effects 

Steric acceleration 1s observed for substitution reactions of octahedral com- 
plexes, and this was taken to be evidence for a dissociative nature in such reac- 
tions. For square complexes, substitution reactions are retarded by steric crowd- 
¡ng at the metal center. This is taken to be evidence that the entering ligand Y 
must approach the metal center in order to reach the transition state. This re- 
sult is consistent with either an associative (A) or an Iinterchange (I,) mecha- 
nism. 


Entering Ligand Effects 

The second-order rate constant k; in Eq. 6-5 29 is strongly dependent on the 
nature of the entering ligand. A reactivity series can be established in which the, 
entering ligands Y are placed in order depending on the value o£ hạ: l 


F- ~H;O ~OH“ <CT < Br' ~ NH; ~ alkenes < CạH;NH; < G.H;N 
<NO;<N;<I ~SCN ~R;P 


This is essentially the order of nucleophilicity towards Pt” that is expected for 
these ligands, and an associative mechanism ¡1s indicated. 


Stereochemistry 

A general representation of the stereochemical course of substitutlon reac- 
tỉons of square complexes is given in Eig. 6-10. Carefully note that this process 1s 
entirely stereospecifc: cis and trans starting materials lead, respectively, to cis 
and trans products. Whether any o the three intermediate configurations pos- 
sess enough stability to be regarded as actual intermediates rather than merely 
phases of the activated complex remains uncertain. 


Nonlabile Ligands: The trans Effect 
A particular feature of substitution at square complexes 1s the important role 
played by nonlabile ligands that are trans to the leaving ligand. Consider 


Reaction 6-5.30. 


[PtLX;]+Y —> [PdLX;Y] +X —— (65.30) 


Any one of three labile Hgands X can be replaced by the entering ligand Y. 
Eurthermore, the ligand X that is replaced can be either cis or trans to L, lead- 
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Figure 6-ÏÖ ' The steric course of ligand substitution in square 
complexes, and the structure (trigonal bipyramidal) of the five- 
coordinate intermediate. The ligands Ơ, and ; that occupy axial po- 
sitions in the intermediate trigonal bipyramid are the ligands that are 
cis to the leaving group X in the reactant. The ligand T in the reac- 
tant is the strongest trans director, as ít lies trans to the leaving ligand 
X. The entering ligand Y, the leaving ligand X, and the trans ligand 
T, share the equatorial posidons of the trigonal bipyramidal interme- 
điate. The new ligand Yin the product occupies the coordination po- 
sitdon that was vacated by the leaving ligand X. 


ing to cis or trans orientatlon o£ Y with respect to L in the product. It has been 
found that the relative proportlons of cis and trans products varies appreciably 
with the nature of the ligand L. Ligands L that strongly favor substitution to gIve 
trans products in reactions such as Eq. 6-5.30 are said to be strong trans direc- 
tors. A fairly extensive series of ligands L may be arranged in order with respect 
to their tendency to be strong trans directOrS: 


H,O, OH-, NH;, py (NG;H,) < CL, Br- < SCN-, I”, NO;, 
CzHỹ< SC(NHg;)„, CS < H-, PRạ</(Gzl@GNˆ,G@ 


Thịs is also knhown as the /rans 2ƒecf series. It is to be emphasized that the trans 
cffect is here defined solely as a kinetic phenomenon. Ít is the effect of the li- 
gand L on the rate of substitutlon in the position trans to itself. A strong trans 
director (a ligand high in the trans effect series) promotes more rapid substitu- 
tion o£ the ligand trans to itself than it does of the ligand cis to itself. 

The trans effect has proved very useful in rationalizing known synthetic pro- 
cedures and in devising new ones. Às an example, we consider the synthesis Of 
the cis and trans Isomers of [Pt(NH;),C1;]. The synthesis of the cis isomer is ac- 
cormplished by treatment of the [PtCl,]”” ion with ammonia, as in Reaction 
6-5.31. 


Pt (6-5.31) 
` 
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Since CT has a 8reater /rzns directing influence than NHạ, substitutlon of NH; 
into [Pt(NH;)Cl;]7 is least likely to occur in the posIltlon /rzns to the NH; already 
present. Thus, the œs isomer 1s favored. The trans isomer is synthesized by treat- 
¡ng [Pt(NH;)„]“* with CL, as in Reaction 6-5.39. 


HN NH. HN NH. C1. NH 
5 - 3 G 5) ào :; nỊ l ` .. 3 
Pt SG SG 2 J_Y PC (6-5.32) 
H,N NH, H,N li! H,N CI 


In this case the intermediate is disposed to give the trans isomer because of the 
greater trans effect of CI"”. The first C]I” directs the second CÏ" to the trans posi- 
tion. 

All theorizing about the trans effect must recognize the fact that since ït is a 
kinetic phenomenon, depending on activation energies, the stabilities of öø/b the 
ground state and the activated cormplex are relevant. The activation energy can 
be affected by changes in one or the other of these energies or by changes in 
both. 

The earliest attempt to explain the trans effect was the so-called polarizaton 
theory of Grinberg, which 1s primarlily concerned with effects in the ground 
state. This theory deals with a postulated charge distribution, as shown in Fig. 
6-11. The primary charge on the metal ion induces a đipole ¡in the ligand (L), 
which in turn induces a dipole in the metal. The orientation of this dipole on 
the metal is such as to repel negative charge in the trans ligand X. Hence, X 1s 
less attracted by the metal atom because of the presence of L.. Thịs theory would 
lead to the expectation that the magnitude of the trans effect of L and its polar- 
1zability should be monotonically related, and for some ligands in the trans ef- 
fect series (e.g., H7, I > CT), such a correlation 1s observed. In effect, this the- 
ory says that the trans effect is attributable to a ground-state weakening of the 
bond to the ligand that is to be đisplaced. 

An alternative theory of the trans effect was developed with special reference 
to the activity of ligands such as phosphines, CO, and alkenes, which are known 
to be strong 7£ acids (see Chapter 28 for further details). This model attributes 
their effectiveness primarily to their ability to stabilize a five-coordinate transi- 
tion state or intermediate. This model is, of course, only relevant If the reactons 
are bimolecular; there is good evidence that this 1s tre in the vast majority Of, IÝ 
not all, cases. Figure 6-12 shows how the ability of a ligand to withdraw metal đt 
electron density into its own empty £ or 7% orbitals could enhance the stability 


Figure 6-]Ï The arrangement of dipoles 
along the trans L—M——X axis according to the 
polarization theory of the /rz?s cffect. 
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Figure 6-12 The postu- 
lated activated complex (a 
five-coordinate trigonal 
bipyramid) for reaction of 
YVwith zn>MA;LX to dịs- 
place X. 


of a species in which both the incoming ligand Y and the outgoing ligand X are 
simultaneously bound to the metal atom. 

Recently, evidence has been presented to show that even in cases where sta- 
bilization of a five-coordinate activated complex may be important, there 1s stll 
a ground-state effect: a weakening and polarization o£ the trans bond. In the 
anion [CzH„PtC1;]” the Pt—CI bond trans to ethylene is slightly longer than the 
cis bonds, the Pt—#n+Cl stretching frequency is lower than the average of the 
two Pt—ø+Cl frequencies, and there is evidence that the /rzz©Ï atom 1s more 
1onically bonded. 

The consensus among workers in the field, in each case, for the entire series 
of ligands whose trans effect has been studied, is that both the ground-state bond 
weakening and the activated-state stabilizing roles may be involved to some ex- 
tent. For a hydride ion or a methyl] group It is probable that we have the extreme 
Of pure, ground-state bond weakening. With the alkenes the ground-state effect 
may play a secondary role compared with activated-state stabilization, although 
the relative Importance of the two effects in such instances remains a subject for 
speculation, and further studies are needed. 


Electron-Transfer Reqcfions 


These are oxidation-reduction (redox) reactions in which an electron passes 
from one complex to another. Electron-transfer reactions may involve substitu- 
tion of one or more ligands in the first- or inner-coordination spheres of either 
Teactants or products, but this is not necessary. An example of an electron-trans- 
fer reaction 1s gIven by Eq. 6-5.33 


Fe” '(aq) + Ce“'(aq) ——> Fe*(aq) + Ce3*(aq) (6-5.33) 
1n which the aqua ion of CeŸŸ ïs reduced by the aqua ion of EFeh, 


An electron-transfer reaction may take place so that there is actually no net 
chemical change, as in Reaction 6-5.34. 


[*Fe(CN)s]“— + [Fe(CN)s]#” = [*Fe(CN)s]#” + [Fe(CN)z]^ (6-5.34) 


Reactions such as Reaction 6-5.34 are called self-exchange reactions. Selfex- 
change reactions can only be followed by using isotopic tracers or certain mag- 
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Figure 6-Ï3 Free energy versus reaction co- 
ordinate for a selFexchange reaction. The pro- 
file is symmetrical because the reactants and 
produects are identical. For other electron- 
transfer reactions known as cross reactions, 
the products are at a lower energy than reac- 
tants, in proportion to the electrochemical po- 
tential (AG=—w#È) for the reaction. 


netic resonance techniques. These reactions are of interest because there is no 
change in free energy as a consequence of reaction, and the free energy profile 
(Fig. 6-13) is symmetrical. 

There are two welk-established general mechanisms for electron-transfer re- 
actions. In the first, called an outer-sphere electron-transfer mechanism, only the 
outer, or solvent, coordination spheres of the two metal complexes are displaced 
during the reaction. No substitution o£ the ligands in the inner-coordination 
spheres of either reactant is needed in order for electron transfer to take place. 
(There are required changes in metal-ligand bond lengths, however.) In the sec- 
ond mechanism, called imner-sphere electron transfer, the inner-coordinaton 
sphere of one reactant must fñrst undergo substitution to accept a new ligand. 
The new ligand must serve, once substitution has taken place, to bridge the two 
metal centers together. This bridging ligand is bound to the inner-coordinaton 
spheres of both metal centers. 


The Outer-Sphere Mechanism 

This mechanism is certain to be correct when both complexes participating 
in the reaction undergo ligand substitution reactions more slowly than they par- 
ticipate in electron-transfer reactions. An example is the reaction shown In 


Reaction 6-5.35. 


[Fe1"(CN);]“ + [IrYCl]®" => [Fe(CN);]?> + [Ir "Gl]> (65.35) 


where both reactants are “inert” towards substitution (/;„¿ > Ì ms), but the redox 
reaction is fast (= 105 L mol" s""). Clearly, the electron-transfer process is not 
constrained to wait for substitution to take place or it would be itself as slow as 
substitution. The outer-sphere mechanism is also correct when ro ligand is ca- 
pable of serving as a bridging ligand. 
The two steps of a general outer-sphere mechanism can be TÌÌustrated using 
Reacdon 6-5.35. There 1s a preequilibrium, characterized by the constant &.., in 


which an outer-sphere complex (or lon pair) is formed, as in Reacuon 6-5.36. 
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[Fe(CN)s]“ + [IrGl¿]?” = [Fe(CN)¿]“ / [IrGla] TP LỆ (6-5.36) 
[Fe(CN)s]#/IIrClạ]?” —> [Fe(CN)s]” + [FC] hà: (6-5.37) 


This encounter (outer-sphere complex or ion pair) between the reactants brings 
them to within the internuclear separation required for electron transfer. The 
electron-transfer step (Reaction 6-5.37) takes place within this outer-sphere com- 
plex, only after metal-ligand bond lengths have been altered enough to allow 
the electron transfer to take place adiabatically (without further change in en- 
ergy). R. Marcus recognized that the electron transfer should be adiabatic, be- 
cause electron motion should be faster than nuclear motion. In other words, the 
electron transfer takes place quickly, once internuclear distances have become 
appropriately adjusted. For the complex that is being oxidized, metal-ligand dis 
tances in the activated complex must generally become shorter, because of the 
higher oxidation state that is to exist on the metal upon oxidation. The complex 
being reduced must achieve longer metal-ligand bond distances in the activated 
complex, in anticipation of the lower oxidation state that develops at the metal 
upon reduction. 


Self'Exchange. Some selFexchange reactions that are believed to proceed by 
outer-sphere mechanisms are listed in Table 6-3. (The second-order rate laws 
that one usually observes for such reactions do not in themselves indicate an 


Toable 6-3 Rate Constants for Some Sel£Fxchange Reactions that Proceed via Outer- 
Sphere Mechanisms 


Rate Constants 
Reactants (Lmo[l s”) 


[Fe(bpy)z]?*, [Fe(bpy);]?" 
[Mn(CN)s]””, [Mn(CN);]“ 
[Mo(CN)s]?, [Mo(CN)s]“- 


4_1a8 
[W(CN),]>, [W(CN)g]* ong 
[IrCI,]®, [IrCI,]> 

[Os(bpy);]?*, [Os(bpy);]?" 

[Fe(CN)s]3”, [Fe(CN)s]# ` 7.4x10? 
[MnO,]”, [MnO,]> 3x 10% 
[Co(en)s]”*, [Co(en)s]?? 

[Co(NH;)¿]”, [Co(NH;)¿]?” ~10^ 


[Co(C;O„)s] ”, [Co (C2O,);] v 


outer-sphere mechanism; one also observes second-order kinetics for most 
inner-sphere electron-transfer processes.) 

The range covered by these rate constants is very large, extending from 10 
up to, perhaps, the very high rate constants typical of processes that are slowed 
only by the ability o£ the reactants to diffuse through the solvent (~10). It is pos 
sible to account qualitatively for the observed variation in rate constants in terms 
of the different amounts oŸ energy required to change the metal-ligand bond 
distances from their initial values to those needed in the transition state. For the 
case o£ self-exchange reactions, the transition state must be symmetrical; the two 
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halves o£ the activated complex must be identical. The lengthening of metal-li- 
gand bonds that is required of the complex undergoing reduction is equal to the 
shortening of the metal-ligand bonds that is required of the complex undergo- 
¡ng oxidation. After all, selFˆexchange sinply transforms one reactant into the 
other, with no net chemical change (Eig. 6-13). Furthermore, it can be shown 
that an unsymrmnetrical transition state would correspond to a higher activation 
energy and, therefore, would not lie along the preferred reaction path. 

In the seven fastest reactions of Table 6-3 there is very little difference in the 
metal-ligand bond lengths in the two reacting complexes. Thus, very litde en- 
ergy of bond stretching and bond compressing is needed to achieve the sym- 
metrical transition state. For the MnO¿/MnOƒ” pair the bond length difference 
1s somewhat greater, and for the last three reactions there is a considerable di£ˆ 
ference between the two reactants in metal-ligand bond distance. 


Cross Reactiơns. Electron-transfer reactions between dissimilar complexes 
(e.g., Reactions 6-5.33 and 6-5.35) are called cross reactions. For cross reactions 
there 1s a net decrease in free energy, and the free energy profile is not symmet- 
rical. A linear free energy relationship exists for sụch reactions, and the faster re- 
actions tend to be those for which the free energy change is most favorable. 
Marcus and Hush derived the relationship shown 1n Eq. 6-5.38. 


hịa = [kuilazKis/ƒ]*⁄” (6-5.38) 


This equation allows the calculation of the rate constant for a cross reaction (#s) 
from the two appropriate selfFexchange rate constants (È¡¡ and Äs¿) and the equi- 
librium constant for the overall cross reaction (K¡;). The constant ƒin Eq. 6-Bð.38 
1s a statistical and steric factor that is usually about Ì. The linear free energy re- 
lationship arises because the rate of reaction (as measured by #¡;) depends on 
the net free energy change of the reaction (as measured by K;;). In fact, it is a 
general result that the faster cross reactions are those with the larger equilibrium 
constants. Thus rate constants for cross reactions are generally higher than those 
for the comparable selfexchanges. 
As a specific example, consider the cross reaction shown in Eq. 6-5.39. 


[Fe(CN)s]Ý~ + [Mo(CN)s]?”~ —> [Fe(CN)¿]Ÿ" + [Mo(CN);]#— (65.39) 


for which *¡s is sought. The equilibriun constant X¡; for Reacton 6-5.39 is 1.0 x 
10, and the electrochemical potential is £= 0.12 V. The sel-exchange reactions 
that apply are given in Eqs. 6-5.40 and 6-5.41. 


[Fe(CN);]“ + [Fe(CN)s]*” —> [Fe(GN)s]Ÿ” + [Fe(CN)¿]"” hịạị (65.40) 


[Mo(GN)s]#” + [Mo(CN)s]“" —. 

[Mo(CN)s]“ + [Mo(CN);]”” hs; (65.41) 
Values for the selfexchange rate constants are Ÿ¡¡ = 7.4 X 10T moi” s and 
k„„ = 3.0 x 10 L mo[" s1, Substitution of these values into Eq. 6-5.38, and 
using a value for ƒ of 0.85 yields the predicton that k¡; should be about 
4x 10!L mol! s1, The value that is obtained experimentally is 3 x 10° L mol” 


—l 
Š. 


208 


Chopteró6 /  Coordinoiion Chemistry 


The Inner-Sphere (or Ligand-Bridged) Mechanism 

Ligand-bridged transition states have been shown to occur in a number of 
reactions, mainly through the elegant experiments devised by H. Taube and his 
students. He has demonstrated that the following general reaction OCCUTS: 


[Co(NH;);X]?* + Cr?'(aq) +5 H* 
= [Or(H,O),X]?*+ Co®*'(aq)+5NH} (65.42) 


X=E,CT,BE,I,SGT NGHÌN PO... 
CH,CO;, C;H;CO;, crotonate, succinate, oxalate, maleate) 


The significance and success of these experiments rest on the following facts. 
The Co” complex is not labile, while the Cr” aqua ion is. In the products, the 
[Cr(H„O)„X]?? ion is not labile, whereas the Co” aqua ion is. It is found that the 
transfer of X from [Co(NH,);X]?* to [Cr(H;O);X]Ÿ? is quantitative. The most 
reasonable explanation for these facts is a mechanism such as that illustrated in 
Reaction 6-5.43. 


Cr"(H,O)2T + Co(NH,);@GI2! => [(HzO);Gr"GIGØ"(NH8)E]“” 


electron 
transfer 


Cr(H,O);CÈ* + Co(NH;),(H;ạO)?* — [(H,O);Cr!CICo"(NH,);]** 
|n": HạO 
Co(H,O)‡* + 5 NH‡ 


Since all Cr”! species, including [Cr(H;O)¿]* and Cr(H;O);Cl?", are substitu- 
tion inert, the quantitative production of Cr(H„O);Cl”" must imply that electron 
transfer (Cr” —› Co") and CL transfer from Co to Cr are mutually interdepen- 
đent acts, neither o£ which is possible without the other. Postulaton of the bĩ- 
nuclear, chloro-bridged intermediate appears to be the only chemically credible 
way to explain this phenomenon. As implied by Reaction 6-ð.42, many ligands 
can serve as ligand bridges in inner-sphere reactions. 

In reactions between Cr?* and CrX”” and between CrŸ* and Co(NH,);X®, 
which are inner sphere, the rates decrease as X is varied in the order [ > Br” > 
CTI >E.. Thịs seems reasonable If ability to “conduct” the transferred electron is 
assoclated with polarizability of the bridging group, and it appeared that this 
order might even be considered điagnostic of the mechanism. However, the op- 
pOosite order is found for the Fe?*/Co(NH;)„X”? and for the Eu?!/Co(NH;),X?? 
reactions. Moreover, the Eu”†*/Cr(H,O),XZ* reactions gIve the order first men- 
tioned, thus showing that the order is not simply a function of the reducing ion 
used. The order must, of course, be determined by the relative stabilities of tran- 
siton states with different X, and the variation ¡in reactivity order has been ra- 
tionalized on this basis. 

There are now a number oŸ cases (e.g., those of Co(NH;);X?'” with 
[Co(CN);]””, where X = F_, CN", NO;, and NO;, and that of CrẺ* with [IrCI,]?) 
¡in which the electron transfer is known to take place by both inner- and outer- 
sphere pathways. 


ó-6 


6-ó _ Stereochemicdol Nonrigidity 209 


S†ereochemicdl Nonrigidity 


No molecule is strictly rigid in the sense that all the interatomic distances and 
bond angles are fixed at one precise set of values. On the contrary, all molecules, 
even at absolute zero, constantly execute a set of vibrations, such that all of the 
atoms oscillate with amplitudes of a few tenths of an angstrom, about their aver- 
age positlons. In this sense, no molecule is rigid, but there are many molecules 
that undergo rapid deformational rearrangements ofa much greater amplitude, 
in which atoms actually change places with each other. Such rearrangements are 
found among an enormous variety of compounds, including inorganic mole- 
cules, such as PF;, metal carbonyls, organometallic compounds, and organIc 
molecules. Molecules that behave in this way are said to be stereochemically non- 
rigid. The recognition o£ stereochemical nonrigidity and its study is only possi- 
ble by nuclear magnetic resonance (NMR) spectroscopy. Let us consider one o£ 
the earliest Inorganic examples, PE¿. 


Five-Coordinote Complexes: PF; 


Thịs molecule is known to have a trigonal bipyramidal structure. Ít would be ex- 
pected that the fuorine ('?F) NMR spectrum would show a complex multiplet 
of relative Intensity two for the axial fuorine atoms and another of intensity 
three for the equatorial ones. The multiplets would result from coupling of each 
type of fluorine to those of the other type, and from coupling of both types to 
the phosphorus atom that has a spin of one haÏlf. In fact, only a sharp doublet 1s 
seen, indicating that, as far as NMR can tell, all five fluorine atoms are equlva- 
lent; the doublet structure results trom their coupling to the phosphorus atom. 

This result is due to the axial and equatorial fuorine atoms changing places 
with one another so rapidly (>10,000 tỉmes per second) that the NMR spec- 
trometer cannot sense the two different environments and records all five of 
them at a single frequency, which ¡s the weighted average of those frequencies 
for each environment. However, the splitting of the fuorine resonance into a 
doublet by the phosphorus atom is maintained which indicates that the ex- 
change of places occurs without breaking the P——E bonds. 

The generally accepted explanation for the rapid exchange of axial and 
equatorial fluorine atoms in PE; was suggested by R. S. Berry and Is shown in Flg. 
6-14. This rearrangement pathway has two main stages. Eirst, there is a concerted 
motion of the two axial F atoms and two of the equatorial ones, so that these four 
atoms come into the same plane and define a square. All four atoms are now 
equivalent to each other, and the entire set of five atoms defines a square pyra- 
mid. Second, a trigonal bipyramidal arrangement is now recovered. There are 
two equally probable ways for this to happen. In one, the same F atoms that were 
initially axial can return to axial pOsiHons. This would do nothing to cause ex- 
change. However, if the other diagonally opposite palr of F atoms, which were 
initially equatorial, move to axial positions (while the other two, which were Ini- 
tially axial necessarily become equatorial), an exchange of positlons Involving all 
but one o£ the F atoms is accomplished. The same process can now be repeated 
so that the equatorial F atom that did not exchange the first từìme becomes ex- 
changed. If this process 1s repeated indefnitely, all F atoms will constantly pass 
back and forth between axial and equatorial positions. 
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Figure 6-14  A simple mechanism that interchanges axial and equatorial igands ofa 
tbp by passage through an sp intermediate. 


Note that the molecules that exist immediately before and after the re- 
arrangement steps (or after any number of steps) are chemically identical. These 
molecules differ only in the interchange o£indistinguishable. nuclei; the process 
causes no net chemical change and has AH° = AS° = AG° = 0. Molecules o£ this 
type are by far the most common and important stereochemically nonrigid mol- 
ecules and are called ƒuxzơnal mmolacul2s. 

An important fact about the process occurring in PF§ is that it consists of a 
rearrangement of one of the more symmetrical forms of five coordination [the 
trigonal bipyramid (tbp)] into the other [the square pyramid (sp) ], and then 
back to an equivalent version of the first in which some ligands have changed 
places. This type of process has been called a polytopal rearrangement, because 
the two different arrangements of the ligand set are polytopes. 

For coordination number five, the tbp and sp arrangements seldom differ 
greatly in energy, so that whichever one 1s the preferred arrangement in a given 
substance, the other one can provide a low-energy pathway for averaging the l¡- 
gand environments. As a general rule, five-coordinate Ngeh0Si are fuxional, even 
at very Ìow temperatures. 

Polytopal rearrangements are generally facile for complexes with coordina- 
tion numbers higher than six as well. This occurs because while one symmetrical 
structure may be somewhat more stable than any other, the other arrangements 
are only a few kiloJoules less stable, and with ordinary thermal energies available, 
they provide accessible intermediates for rearrangement. For example, consider 
an eight-coordinate complex with dodecahedral structure. The eight ligands are 
not all equivalent but fall into two sets, the A)s and-the B”s, as shown ¡in Fig. G1. 
Ít is easy to see how the dodecahedron could be converted by relatively slight 
changes In interatomic distances into either a cubic or a square antiprismatic in- 
termediate from which a new dodecahedron with the A's and B°s interchanged 
would be recovered. 


Six-Coordindte Complexes: Racemizotion of tris-Chelote Complexes 


Octahedral complexes are generally not fluxional. That is, even when cis and 
trans Isomers of M%„Y; complexes interconvert, they do so by ligand dissociation 
and recombination rather than by any intramolecular rearrangement. However, 
In a few cases it has been shown that intramolecular rearrangement by way ofa 


twist does occur. These are mmostly tris-chelate species, where the process studied 
1S racemization. 
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As previously stated, these exist in enantiomeric configurations, Á and A 
(Fig. 6-3). At various rates, depending on the metal ion involved and the exper- 
Imental conditions, these can interconvert. A sample consisting entirely of one 
enantiomer will eventually racemize, that is, become a mixture of both in equal 
quantities. Possible pathways for racemization fall into two broad classes: (1l) 
those without breaking of metal-ligand bonds, and (2) those with bond rupture. 

Two possible pathways without bond rupture are the trigonal (or Bailar) 
twist and the rhombic (Ray-Dutt) twist, shown as (2) and (7) in Fig. 6-15. Many 
dissociative (bond-rupture) type pathways may be imagined; one is shown as (¿) 
in Fig. 6-15. It appears that racemization most often occurs via some pathway 
with bond rupture, although in a few cases there 1s evidence for the trigonal 
fWISE. 

Notice in Flg. 6-3 that 1Ý the top part o£ the A 1somer 1s twisted relative to the 
bottom one half by 60”, the molecule will reach a trigonal prismatic intermedi- 
ate structure, and can then become the A isomer. This sort of process, shown 1n 
Fig. 6-15(4), is in general not facile and ¡s rapid only in cases where the chelate 
ligands have a relatively short distance between their donor atoms (a small 
“bite”). Since the đistance to be spanned is shorter in the eclipsed trigonal pris- 
matic intermediate than in the octahedral structure, such ligands cause the two 
structures to be closer in stability, so the prism becomes a thermally accessible in- 
termediate or transition state. 

Fluxional behavior will be mentioned again later in discussing metal car- 
bonyls (Chapter 28) and organometallic compounds (Chapter 29). 


Figure 6-15 Threce possible paths for racemization of a tris-chelate complex. (2) The 
trigonal twist. (/) The rhombic twist. (2 One of many paths involving metal-ligand 
bond rupture. ~= 
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STUDY GUIDE 


Scope and Purpose 


An overview has been presented of the structures, nomenclature, reactivities, sta- 
bilidies, and so on, of coordination compounds. We shall return to these tOpICS 
in later chapters where theories of bonding will be added to the discussion. For 
now, we have confined the điscussion to compounds that are traditionally con- 
sidered to be coordination compounds; organometallic compounds will be cov- 
ered in Chapters 28-30. The extensive material on mechanisms of reactions may 
be considered by the instructor to be optional, without much loss in continulty 
when moving on into later chapters. The general aspects of substitutlon reac- 
tions may, however, be useful, and we encourage some treatnent of the differ- 
ences between associative and dissociative processes. 


Study Quesfions 
A. Review 


1, 


DI. y 


For each coordination number from two to nine, mention the principal geometrical 
arrangement (or arrangemen1s). 


What does each of the following abbreviations stand for: tbp, sp, ƒœc, ?er? 
What is meant by tetragonal, rhombic, and trigonal distortion of an octahedron? 
What do the terms cj£iz and ?olyđznfafe mean? 


‹-_ What are the structures of the following ligands: acetylacetonate, ethylenediamine, 


diethylenetriamine, EDTA“? 


. Show with drawings the enantiomorphs of M(L—L);X; and M(L—L); type com- 


plexes. 


._ Give one example of each of the following types OÊ isomers: ionization Isomers, link- 


ag€ Isomers, coordination isomers. 

Write the names of each of the following: [Co(NH;)„(en)]Cl;, [Cr(en)CL,], 
[Pt(acac)NH;CI], [Ru(NH;:);N;](NO:);, KFeCl,. 

What are the two principal sets of equilibrium constants (Ks and Bj$) for expressing 


the formation of a series of complexes, ML, ML¿, ML„, and so on? How are they re- 
lated? 


- _Except in rare cases, how do the magnitudes of the constants K, vary with increasing 


?? What ¡is the underlying reason for this, regardless of the charges? 


-- What is meant by the ehølafe øffct? Give an exampIe. 
-_ For what ring sizes is the chelate effect most important? How do you explain it? 


- Explain the difference between kinetic inertness (or lability) and thermodynamic 


stability (or Instability). 
What are the two limiting mechanisms for ligand exchange? 


Explain how solvent intervention, ion-pair formation, and conJugate-base formaton 
can affect the observed rate law. 


-_ Why does the rate law tell us nothing as to the true order of an aquation (acid hy- 


drolysis) reaction carried out in aqueous solution? 


-  True or false: the high rate of basic hydrolysis of [Co(NH;);CI]Ê* is attributable to 


the excepuonal ability of OH” to attack the cobalt ion nucleophilically. If false, give 
an alternative explanation of the hiph rate. 
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18. 


19. 
20. 
21. 


V22. 


Why do many square complexes have two-term rate laws for lgand replacement re- 
actions? 


What is meant by the term Øzns øƒct? 

Discuss the two general mechanisms for electron-transfer reactions. 

Describe the tybe of reaction and the reasoning used by Taube to prove that certain 
electron-transfer reactions must occur by way of a bridged intermediate. 

What is meant by a fluxional molecule? What ¡is the experimental evidence that 
proves PF; to be one? 


B. Addơitiondl Exercises 


1. 


Show with drawings how axial-equatorial exchange in a square pyramidal complex 
AB; could occur via a tbp intermediate. 


-  Draw all the Isomers of an octahedral complex having four different monodentate 


ligands. Indicate optical isomers. 


. Show how the experimental determination of the number of isomers Of 


[Co(NH;)„Cl;]” would enable you to show that the coordination 8eometry 1s OCta- 
hedral, not trigonal prismatic. 


._ Why do you think most species, such as AIC];, [CuCl;]”, Pt(NH;);CI”, are "... 


ally such three-coordinate monomers but, instead, dimerize? 


‹ Suppose you prepared [Co(en);Cl;]”. Ignoring possible ring conformation effects, 


how many isomers, geometric and optical, could be formed? 


.‹_ Write the proper names for the complexes 


(a) K;[Co(C,O„)s] (b) Fe(CO); 

(c) [Co(NH;);CI]IOI; (d) [Co(en);]s(SO4)s 

(e) Naa[PtCI,] (Ð_ [Ru(NH;);(N;)]CI; 
(g)_Na[Fe(CO)„H] (h) K;[Fe(CN);NO]-2 H,O 


()_ K[(NH;);Co—NC—Co(CN);] 


._ Draw all the possible isomers of the dinuclear complex LạX;M(-X);ML¿X;, where L 


is a ligand that cannot be a bridge. 


.‹ Assign an inner-sphere or an outersphere mechanism for the following reactions, 


and draw out the đetails of the reaction sequencc: 


Siến 
(a) Co(NH,),N (_ ) CỒN + [Fe(CN),OH,]°- 


The Co reactant is substitution inert, while the Fe reactant is substitution la- 
bile. The products are Co”*(aq), which is substituton labile, and 


SẾ 
Fe(CN);N C) C) N 


which 1s substitution Inert. 

(b) [Co(NH;);]?' + [Fe(CN);OH;]?” 
The hexaammine of cobalt is substitution inert and the Fe” reactant is substitu- 

tion labile. The products are Co”*(aq) and [Fe(CN);OH;]?-. 
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S} 


19. 


11. 


12. 


13. 


14. 


15. 


16. 


lĩ. 


For [PtX„]?” complexes both ligand exchange rate and thermodynamic stability Im- 
crease in the order X = CI< Br < I< CN. Explain why these observations are not im- 
COnsistent. 
Using the trans effect sequence given in the text, devise rational procedures Íor se- 
lectively synthesizing cach of the three isomers of [Pt(py)NH;NO,CI]. 
Jf application of the Marcus equation were to be made in order to predict the elec- 
tron-transfer rate constants #¡¿ for the following crOss reactions, list the selFexchange 
reactions for which selfexchange rate constants #¡;¡ and &¿ would be necded. 
(a) [Fe(ŒGN)s]“ + [Go(en)s]”? 
(b) Fe?*(aq) + [Cr(phen);]”" 
(c) [Rh(phen);]”" + [Ru(phen);]”" 
Predict the value for the second-order rate constants #¡; for the following cross reac- 
tions, assuming in each case that ƒin the Marcus equation equals 0.8. 
(a) [Fe(CN)¿]“+[MnO,]~ ' where Kị;ạ= 2.5 x 10”. 
(b) [Mo(CN)s]# + [IrGI¿]?  where &¡;= 1.5 x 10Ỷ, 

hịị = 3:0 x 10L mol" s” and kẹs= 9:3.x 10” moi"! Kˆ'. 
Give the proper name for each of the following compounds: 


(a) Pt(NH;);C1; (m) [Cr(H;O)s]C]; 

(b) [Rh(NH;);CI]CI; (n) [Co(en);]z(SO4); 

(c) [Co(NH;);] (NO;); (o)_ Na[HB(OCH;);] 

(d) [Co(H;O)„]SO, (p) [Pt@y);¿][PtCl] 

(e) [Co(NH;)„(OH,)›] (BE,); (q) Na;[PdGI¿] 

() [Ee(H;O)¿]Br; (r)_ (NEU);[Cr(CN)a] 

(g) Na;[Fe(CN)s]:2 HạO (s) [Ni(phen);](C1Ou); 
(h) Na,[Fe(CN)a] () [Co(NH;);NO;]SO, 
@) Ni(CO)¿ (u) [Co(en);(CI) (NO,) ]SCN 
(j) [Cu(NH,),JSO, (v) [N(CH;),][W(CO),CI] 
(k) [Pt(en);] (ClO,); (w)_ [Cr(H;O)s]Cl; 


Œ)_ Co(NH;);(C1]) (Br) (CCH;CO.,) (x) Pt(acac)(NH;)(Cl) 
Go back through the compounds of Questions 6 and 13. Identify each compound 


that can display (a) geometrical isomerism, (b) linkage isomerism, and (c) optdical 
1SOm€rIsm. 


Draw the structure of each of the following coordination compounds or ions. Then 
draw the structure for each geometrical, linkage, or optical isomer that is possible: 
(a) øs-Dichlorotetraaqguachromium(III) chloride 

(b) Potasstum pentachloronitroosmate (IV) 

(c)_ mør-Trihydridotris(triphenylphosphine)ruthenium(IN) 

(đ) Potassium trioxalatocobaltate (II) 

(e) Chloropentaamminecobalt(HI) nitrate 

(f) Tris(ethylenediamine)cobalt(HH) nitrate 

(g) Sodium tetrabromoplatinate(H) 

(h) Pentaamminedinitrogenruthenium(II) chloride 

()_ Sodium pentacyanonitrosylferrate (II) dihydrate 

(J)_ Tetraammineaquacobalt(IH)-H-cyanobromotetraamminecobaltate (HI) 


The pentacyanocobaltate() lon is a catalyst for the conversion of 
[Co(CN);—NCS§]” to [Co(CN);—SCN]?, by an innersphere electron-transfer 
mechanism. Show all of the necessary steps for this reaction. 


The alkali metal cations fall Into Class 1, undergoing water exchange exceedingly 
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18. 


19. 


20. 


21. 


22. 


VU 


24. 


2D. 


26. 


rapidly. Discuss the evidence that suggests an l¿ mechanism. (Nø: It will be instruc- 
tive at this poïnt to preview the material presented in Table 10-1 and Secton 10-7, 
which clearly demonstrates that the water ligands ¡in the aqua ions become less tightly 
bound mì the series Lï" > Na” > K* > Rb* > Cs”.) 


List and define all of the rate and equilibrium constants, pÌus the cross reaction and 
cach self-exchange reaction, that must be known in orđer to use the Marcus equation 
to predict the rate constant o£ the following outer-sphere electron-transfer reaction. 


[Fe(CN)¿]“ + [Co(en);]" —> [Fe(CN)s]”” + [Co(en)s;]? 
Sketch the structure of the following: 
(a) mer-Bromochloroisothiocyanatotris(triphenylphosphine)rhodium(IH) 
(b) All possible linkage, geometrical, and optical isomers of [Co(en)¿(NO,)CIH]”. 
Write the chemical equations for 
(a) Water exchange In the hexaaquanickel(II) ion. 
(b) Acid hydrolysis of [Co(NH;);CI]”". 
(c) Base hydrolysis of [Co(NH;);CI]?". 
(đ) Selfexchange of [IrCIg]?”””. 
(e) Acid hydrolysis of [Co(NH;);CO;]”. 
(f) [Co(NH;);OH;]* + NO; 
(g) œs-Pt(PEt;);(CN) (CD + HO 
(h) [Co(NH;),I]”' + [Cr(H;O)s]”' + 5 H* 
Show the mechanisms that explain why the following reactions occur far more 
rapidly than would be true for simple substituton or ligand replacement: 
(a) [Co(NH;);,H;O]?” + NO; 
(b) [Co(NH;),CO;]” + HạO” 
(c) [Or(NH;);NCS]?! + Hg”* 
Briefly explain how each of the following classic “obstacles” in kinetics serves to ob- 
scure the molecularity of a reaction: 
(a) Solvent intervention, as in the aquation (acid hydrolysis) o£ [Rh(NH;);C1 
(b) lon-pair formation, as in anation of [Co(NH;) 015] cét 
(c)_Conjugate base formation, as in base hydrolysis of [Co(NH,);Br] “án! 
Contrast the general trends for substitution reactions o£ (1) octahedral and (2) 
square complexes regarding: 


li 


(a) Leaving group effects. 

(b) Charge effects. 

(c) Steric effects. 

Explain the mechanistic sigmificance of the observed two-term rate Ìaws for 

(a) Substitution reactions for square complexes, that is, &„„„ = #ị + k;[Y]. 

(b) Aquation reactons of octahedral complexes, that is, Ä„„ = k„ + h,„LOH"]. 

Show the steps of the electron-transfer mechanisms that account for the following re- 

actions. Note that in each of these reactions, one of the reactant metal ions is labeled, 

making its identification among the products possible. 

(a) [*Co(NH;);—NCS]”" +5 CN + Co”*(aq) —> [Co(CN);—SCN]Z* + 5 NH; + 
*Co“*(aq) 

(b) [*Cr(H,O);—SCN]?” + Cr”*(aq) ——> [Cr(H,O);—NCS]?? + *Cr”"(aq) 

Explain why assignment of an inner-sphere electron-transfer mechanism for each re- 

action in Question 2ð requires (a) an ambidentate ligand, (b) an inert transitlon 

metal reactant, (c) a labile transition metal reactant, and (d) an inert transitlon 

metal product. 
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c: 


28. 


ủ, 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


Summarize the types of data that indicate a predominantly dissociative mechanism 
for substitution reactions of octahedral compounds. 

Summarize the types of data that indicate a predominantly associative mechanism for 
substitution reactions of square compounds. 

What mechanistic interpretation can we give to the following data for the reaction 


Pt(dien)Brf+ Y~ —> Pt(dien)Y? + Br- 


Y k;(M =ls=1).seai0ể 
OH- 1 
Gia 8.8 
DY 33 
l 2300 


'What mechanistic interpretation should we give to the following data for the reaction 


trans-Pt(py)sClạ + °°CL —> frans-Pt(py); ”°CICI + CỊ" 


Solvent h(S 210” 
(CH,)„SO 38 
H,O 3.5 
C,H,OH 14 


Wlhy is the first reaction below 100 times faster than the second? 
Co(en);Clạ + HạO ——> Co(en);(Cl)OHỆ" +ƠT 
Co(en);(Cl)OHỆ* + HO ——> Co(en);(OH,)Ÿ' + CI- 


Direct aquation of #z»s-Co(trien)Cl¿ produces œs-Co(trien) (Cl) (OH;)#*. In the 
presence of Hg””, we get HgCl;, plus #øøs-Co(trien) (C1) (OH,)?*, which subse- 
quently undergoes isomerization to the cis product. Explain these observations with 
a detailed mechanistic proposal. 

A ligand-bridged imtermediate has been observed in the following reaction. Write 
out a likely mechanism for the process. 


(H;O);Cr—NCS?' + Hg?* ——› Cr(H,O)$* + Hg—SCN* 


The five-coordinate compound PEF,(NEt,) is fuxional at room temperature, '*F NMR. 
Spectroscopy indicating that all fluorine atoms in the molecule are made equivalent 
on the NMR time scale by a rapid polytopal rearrangement. At -85 °C, however, 
NMR indicates the presence of two distinct types of fluorine atoms, in a ratio of 1:1. 
Explam. 

At -22 °C, PCI;F; ¡is fluxional, all fluorine atoms being indisdinguishable by NMR 
Sp€ctroscopy. However, at =143 °C, NMR spectroscopy clearly indicates the presence 
Of two distinct types of fluorine atoms, in an E...... to Fsquatorai rao Of 2:1. Explain. 


At~74 °C, NMR spectroscopy indicates that the four fluorine atoms in PFE,[NMGec,] 
are equivalent to one another. Is the molecule fluxional or not at thỉs temperature? 
Explain. 

Interpret the following data by showing the fundamental mechanistic steps that are 


indicated, and by labeling the slopes and Intercepts properly in terms of specific rate 
constants for each step of the mechanism, for the reaction: 


Pt(dien)Br”+Y~ ——> Pt(dien)Y* + Br- 
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C. Quesftions from the Literoture of Inorganic Chemistry 


1. 


Consider the paper by L. R. Carey, W. E. Jones, and T. W. Swaddle, /nơrg. Chem., 1971, 
10, 1566—1570, dealing with the mechanisms of aquation reactions o£ [Cr(H;O);X] Sa 
complexes. 

(a)  What evidence do the authors cite for discounting the D mechanism? 

(b) For which reactions is an I„ mechanism suspected? An l¿ mechanism? 

(c) List the principal evidence that the authors cite for these mechanistic assign- 
ments. 

(d) How do these mechanistic results differ from those for the cobalt(HH) ammines? 

Consider the papers by C. Shea and A. Haim, J. Am. Chzm. Soc., 1971, 23, 3055~3056, 

and mơrg. Chơm., 1973, I2, 3013-3015. 

(a) Draw the structures (including oxidation states of the metals and overall charge 
on the complexes) of the reactants, intermediates, and products of the redox re- 
actions reported in these papers. Include the intermediates for both adjacent 
and remote attack. Realize that the compounds that are abbreviated CrNCS°', 
CrSCN”", and CrŸ" are probably six-coordinate complexes. 

(b) How were the yields of CrSCN”* and CrNCS”* determined? Is there likely to be 
any uncatalyzed isomerization of these forms of linkage of the SCN ligands in 
these products? 

(c) What is the reaction that the authors call the “Cr?'-catalyzed isomerization of 
CrSCN”' to CrNCS?*”? How does this isomerization take place, and what must be 
true of the labilities of the CrŸ* and Cr”' complexes? 

(d) How do the reductants Cr?* and [Co(CN);]”” differ in reactions with 
[(NH;);Co—NCS]?* and in reactions with [(NH;);Co—SCN]”"? 

(e) Why is the isomer [(NH;);Co—NCS] #* only susceptble to remote attack by the 
reductant? 

Consider the paper: A. J. Miralles, A. P. Szecsy, and A. Haim, Inơrg. Chơm., 1982, 2], 

697-699. 

(a) To what fundamental steps in the reaction sequence do the authors ascribe each 
of the spectroscopic changes that take place upon mixing reactants? 

(b) What two consecutive redox reactions take place in these systems? What are theïr 
mechanisms? What are their relative rates? Why was an ion pair observable only 
for the first? 
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(c) How have the authors decided upon the orientation of the reactants within the 
ion pairs that precede the first outer-sphere electron-transfer process? 
4. Consider the paper by J.L. Burmeister, /zơg. Chem., 1964, 3, 919-920. Propose a 
mechanism for the synthesis [reaction (I)] of [Co(CN);—SCN]”. 
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SOLVENTS, SOLUTIONS, ACIDS, 
AND BASES 


7-1 


T1 majority of chemical reactions and many measurements Of prOperties are 
carried out in a solvent. The propertles of the solvent are crucial to the succ€ss 
or failure of the study. For the inorganic chemist, water has been the most im- 
portant solvent, and it will continue to be, but many other solvents have been 
tried and found useful. A few of them, and the concepts that infiluence the 
choice of a solvent, are discussed here. Closely connected with the properties of 
solvents is the behavior of acids and bases. In this chapter some fundamenrtal 
concepts concerning acids and bases are also presented. 


Solven† Properties 
Properties that chiefly determine the utility of a solvent are 


1. The temperature range over which it is a liquid. 
._Ïts đielectric constant. 
. Its đonor and acceptor (Lewis acid-base) properties. 


. ]ts protonic acidity or basicity, 


Gt mm C9 ho 


. The nature and extent of autodissocIation. 


__ The fifst two are of rather obvious import and need not detain us long. The 
others will merit discussion in subsequent seCtions. 


Liquid Range 


Solvents that are liquid at room temperature and ]-atm pressure are most useful 
because they are easily handled, but 1t is also desirable that measurements Or r€- 
actions be feasible at temperatures well above and below room temperature. As 
Table 7-1 shows, N,Mdimethylformamide (DMEF), propane-1,2-diol carbonate, 
and acetonitrile are especially good in this respect. 


Dielectric Constoni 


The ability of a liquid to dissolve ionic solids depends strongly, although not ex- 
clusively, on its đ2⁄/2cfric consfani, e. The force (F) of attracton between catlons 


in” 
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Table 7-ÏÍ  Propertics of Some Useful Solvents” 
Liquid Range 

Name Abbreviation Formula CG) </€o 
Water H,O 0 to 100 82 
Acetonitrile CHạCN —45 to 82 38 
N.VDimecthylformamide DME HG(O)N(CH.); —61 to 153 38 
Dimethyl sulfoxide DMSO (G12) 55G) 18 to 189 47 
Niromethane CH:NO, ~29 to 101 36 
Sulfolane SO, 28 to 285 44 

O 
Propane-1,2-diol carbonate va -49to242 64 
⁄ 
I0) 

Hexamethylphosphoramide HMP OP[N(CH:);]; 8 to 230 30 
Glycol dimethyl ether Glyme CH;zOCH.,CH.OCH; —B58 to 83 286 
Tetrahydrofuran THF O —65 to 66 7.6 
Dichloromethane CH.C1; ~97 to 40 9 
Ammonia NH; —78 to 33 23 (—B0 °CŒ) 
Sulfuric acid H;SO„ 10to 338 ˆ 100 
Hydrogen fluoride HF —83 to 20 84 (0 °C) 
Hydrogen cyanide HCN 14 to 26 107 


“In this table, instead of the absolute vaÌue of e, we give the ratio of € to €ạ, with the latter being the value for 
a vacuum. In subsequent sectons the term “dielectric constant” refers to this ratio. 


and anions Immersed in a medium of đielectric constant e is inversely propor- 
tional to e, as in Eq. 7-1.1. 


+ — 


R= gự : 
4Tter 


(7-3.8) 


Thus, water (e = 82s at 25 °C, where eạ is for a vacuum) reduces the attractive 
force nearly to 1% o£its value in the absence of a solvent. Solvents with lower di- 
electric constants are less able to reduce the attractive forces (Fin Eq. 7-1.1) be- 
tween dissolved cations and anions. Such solvents are, therefore, less able to dis- 
solve ionic substances. 


7-2 _ Donor and Acceptor Properties: Solvent Polority 


The ability of a solvent to keep a given solute in solution depends considerably 
on Its ability to solvate the dissolved particles, that is, to interact with them in a 
quasichemical way. For ionic solutes, there are both cations and anions to be sol- 
vated. Commonly, the cations are smaller [e.g., Ca(NO;);, FeCl,] and the solva- 
tiọn of the cations is of prime importance. The solvation of simpÌe cations 1s es- 
sentially the process of forming complexes in which the ligands are solvent 
molecules. The order of coordinating ability toward typical cations for some 
common solvents 1s 
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DMSO > DME > H,O > acetone ~ (CH;CHCH,)O,CO ~ CH;CN 
> (CH,)„SO; > CHạNO, > C¿H,NO, > CH;Cl, 


Acceptor properties are usually manifested less specifically. The positive 
ends of the solvent molecule đipoles will orlent themselves toward the anions. 

Note that in general the dielectric constant and the ability to solvate lons are 
related properties, which tend to increase simultaneously, but there is no quan- 
titative correlation. The more polar the molecules of a solvent the higher Its dị- 
electric constant tends to be (although the extent of hydrogen bonding also 
plays a very important role); at the same time, the more polar a molecule the bet- 
ter able It 1s to use its negative and positive regions to solvate catlons and anlons, 
respectively. 


Protic Solvents 


These solvents contain 1on1zable protons and are more or less acidic. Examples 
are H,O, HCI, HE, H;SO,, and HCN. Even ammonia, which is usually considered 
a base, is a protic solvent and can supply H” to stronger bases. Protic solvents 
characteristically undergo autodissoclation. 


Autodissocidtion of Protic Solvenis 


For some of the examples just mentioned, the autodissociation reactons can be 
written in the simplest way as follows: 


2 H,O = HạO* + OH- (7-3.1) 

2 HCI = H;CI' + CI (7-3.9) 

2 HF = H,F!+Eˆ (7-3.3) 

2 H,SO, = H;SO‡ + HSO¿ (7-3.4) 
2 NH; = NH‡ +NH; (7-3.5) 


In each of Reactions 7-3.1 to 7-3.5, autodissociation involves proton transfer be- 
tween two solvent molecules to give the protonated solvent cation and the de- 
protonated solvent anion. 

The significance of autodissociation is that solutes encounter not only the 
molecules of the solvent but the cations and anions that form 1n the autodisso- 
ciadon process. The autodissociations of several of the acid solvents are dis- 
cussed in detail in Section 7-11. Here, we give a closer examination of the 
processes in water and ammonia. These simple equatons do not consider the 
further solvation of the primary products o£ autodissociation in đetail, and this 
1S INPOFTtant. 


'Water 
A more general equation for the autodissociation of water is 


(m+ + 1)H;O = [H(H;O)„]* + [HO(H;O)„]ˆ (7-3.6) 


For the hydrogen ion, [H(H;O)„]”, there is strong association of H” with one 
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water molecule to give HạO”, a pyramidal ion (Structure 7-]) isoelectronic with 
NH;. This ion is observed in a number of crystalline compounds. In water it is 
further solvated. Another specles actually observed 1n crystals is the HO ion 
(Structure 7-II). Probably the HạO? ion (Structure 7-II) is the largest well- 


H H 
O=H |” T . 
| \ 
~118° H 
7-l 7-II 
OH; |” 


7-II 


defined species. The extent of autodissociation (Eq. 7-3.6) is slight, as shown by 

the small value for the equilibrium constant, Eq. 7-3.7. 

Ki; ‹c= DI. (10 x 10'^)/55.56 (7-3.7) 
[H,O] 

In practice, the essentially constant 55.56 M concentration of HO molecules 1s 

omitted (because ït ¿s constant), and the constant K¿; ‹c = [H*][OH] = 1.0 x 

10” is used. 


Liquid Ammonia 

Liquid ammomia is a colorless liquid that is useful as a solvent over the tem- 
perature range —78 to —33 °C. Its autodissociation (Eq. 7-3.5) is less than that of 
Wat€T: 


K_so -c = [NH/][NH;] = 109 (7-3.8) 


Here too, autodissociation involves proton transfer between two solvent mole- 
cules to form the conjugate base of ammonia (NH;) and the conjugate acid of 
ammonia (NH?). 


Aprotic Solvents 


There are three broad classes of aprotic solvents: 


1. Nonpolar, or very weakly polar, nondissociated liquids, which đo not 
solvate strongly. Examples are carbon tetrachloride (CCl¿) and hydrocarbons. 
Because of low polarity, low dielectric constants, and poor donor power, these 
are not powerful solvents except for other nonpolar substances. Their main 
value, when they can be used, is that they play a minimal role in the chemistry 
Of reactons carried out therein. 

2. Nonionized but strongly solvating (generally polar) solvents. Examples 
Of this type are acetonitrile (CH;ƠN), N,Mdimethylformamide (DME), di- 
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methyl sulfoxide (DMSO), tefứahydrofuran (THE), and sulfur dioxide (SO;). 
These substances have in common the facts that they are aprotic, that no 
autodissociation equilibria are known to occur, and that they strongly solvate 
lons. In other respects they differ. Some are high boiling (DMSO), others are 
low boiling (SO,); some have high đielectric constants (DMSO, 45) while oth- 
ers are of low polarity (THE, 7.6). For the most part, they solvate cations best 
by using negatively charged oxygen atoms, but SO; has pronounced acceptor 
ability, and solvates anions and other Lewis bases effectively. For example, the 
molecular adduct (CH;)zN —› SO; can be isolated. 

3. Highly polar, autoionizing solvents. Some of these SEeN are Inter- 
halogen compounds, such as BrF; and IE;, whose structures were discussed In 
Chapter 3. Examples of their autoionizations are given in Eqs. 7-4.1 and 7-4.2. 


2 BrFs = BrF¿ + BrF¿ (7-4.1) 
2]F; =IF‡+IFz (7-4.9) 


Another example is trichlorophosphine oxide: 
Ø2. C]LPO =CILPO"+CLPO- (7-4.3) 


which undergoes autoionization through CÌ" transfer. 


Molten SdIlts 


These salts represent a kind of extreme o£aprotic, autoionizing solvents. In them 
lons predominate over neutral molecules which, in some cases, are of negligible 
concentration. The alkali metal halides and nitrates are among the “totally” ionic 
molten salts, whereas others (e.g., molten halides of zinc, tin, and merCury) con- 
tain many molecules, as welÏ as lons. 

Low melting points are often achieved with either mixtures or by using 
halides of alkylammonium ions. Thus an appropriate mixture of LINO;, NaNO,, 
and KNO; has a melting point as low as 160 *C and (CzH;);„H;NCI has a melting 
point of 215 °C. There are even molten salts that are liquids at and below room 
temperattire. These are formed by mixing AICI; with compounds such as that 
shown below. 


K 
N 
mã H Œ- 
N 
z 


Examples of important reactions carried out in molten salts are the follow- 
ing preparations of low-valent metal salts. 


AICI 
CdOI, +Ca= S251 › ca.[AICL,], 


] d H;z)oHaNGCI 
Re,Cl, — 486 G253” ›[(C2H,),H,N],[Re,Cl,] 
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The industrial production of aluminum is carried out by electrolysis ofa solution 
of Al,Os in molten Na;AlFs. 


Solvenlis for Electrochemicdl Reqgctions 


A good solvent for electrochemical reactions must meet several criteria. First, 
electrochemical reactions involve ionic substances, so that a dielectric constant 
of 10 or better ¡is desirable. Second, the solvent must have a wide range of volt- 
age over which it is not oxidized or reduced, so its own electrode reactions will 
not take precedence over those of interest. 

Wazzr is a widely useful solvent for electrochemistry. Because of its high dị- 
electric constant and solvating ability, ¡t dissolves many electrolytes. Its Intrinsic 
conductance ¡is suitably low. Its range of redox stability ¡s fairly wide, as shown by 
the following potentials, although its reduction is often a limitation. 


O,+4H*'(107M)+4e=2H,O  E°=+0.82V (7-6.1) 
H'(107M)+ e =‡H, E°=-0.41V (7-6.2) 


Acetơwirnie, CH:CN, ¡s widely used for solutes sụch as organometallic com- 
pounds or salts containing large alkylammonium ions, which are insufficiently 
soluble in water. It is stable over a wide range of voltages. 

N,N-Dimethyformamide, HC(O)N(CH:);, is similar to CHCN bụt 1s easier to 
reduce. Dichloromethane and nitromethane are sometimes used for organic 
solutes. Molten salts are also useful. 


Purity of Solvents 


Although It is obvious that a solvent should be pure If reproducible and inter- 
pretable results are to be obtained, ¡t is not always obvious what subtle forms of 
contamination can occur. Of particular importance are water and oxygen. 
Oxygen ¡s slighdly soluble in virtually all solvents, and saturated solutions are 
formed on brief exposure to air, for example, when pouring. Oxygen can be par- 
trally removed by bubbling nitrogen through the liquid, but only repeated freez- 
¡ng and pumping on a vacuum line can completely remove it. Certain organic 
solvents, especlally ethers, react with oxygen on long exposure to air, forming 
peroxides. The solvents can best be purified of peroxides by distillaton from re- 
ductants (e.g., hydrides) or by passage through “molecular sieves” (Secton 5-4). 

Water also dissolves readily in solvents exposed to the air or to gÌass vessels 
that have not been baked dry. It is important to recognize that even small quan- 
tiles o£ HO on a weight percentage basis can be important. For example, ace- 
tonitrile, whích contains only 0.1% by weight of water, is about 0.04 Min HO, 
so that the propertles of0.1 Mi solutions can be seøusử influenced by the “#zzœ” 
Of Wat€T. 


Definitions of Acids and Boses 


The concepts of acidity and basicity are so pervasive in chemistry that acids and 
bases have been defined many times and in various ways. One definition, proba- 
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bly the oldest, is so narrow as to pertain only to water as solvent. According to 
this definition, acids and bases are sources of H and OH”, respectively. A some- 
what broader, but closely allied definition, which is applicable to all protonic sol- 
venfs, is that of Brønsted and Lowry. 


Brøns†ted-Lowry Definition 


An acid is a substance that supplies protons and a base 1s a proton acceptor. 
Thus, in water, any substance that increases the concentration of hydrated pro- 
tons (H;O”) above that due to the autodissociation of the water is an acid, and 
any substance that lowers it is a base. Any solute that supplies hydroxide ions 
(OH) 1s a base, since these combine with protons to reduce the H;O” concen- 
traton. However, other substances, such as sulfñides, oxides, or anions of weak 
acids (F7 or CN”), are also bases. 


Solvent System Definition 


Thịs definition can be applied in all cases where the solvent has a sigmificant au- 
toionization reaction, whether protons are involved or not. Some examples are 


2 H:O =H:O' +ÖNH- (7-8.1) 
2 NH; = NH‡ + NHạg (7-8.9) 
2 H,SO, = H;SO‡ + HSO¿ (7-8.3) 
2 OPCI; = OPCIÿ + OPClạ (78.4) 
2 BrF; = BrF + BrF¿ (7-8.5) 


A solute that increases the cationic species natural to the solvent 1s an acid; 
one that increases the anionic specles is a base. Thus, for the BrEF; solvent, a 
compound such as BrF,AsFs, which dissolves to give BrE; and AsEs lons, Is an 
acid, while KBrE¿ is a base. If solutions of acid and base are mixed, a neutraliza- 
tion reaction, producing a salt and solvent molecules, takes place. 


BrE) + AsF; +K* +BrF; = K' + AsF; +2 BrE, 
"¬————  `——— `_————=- `——>y— 


Acid Base Salt Solvent 


(7-8.6) 


Even for protonic solvents this is a broader and more useful definition, be- 
cause it explains why acid or base character is not an absolute property of the 
solute. Rather, the acid or base character ofa substance can only be specified in 
relation to the solvent used. For example, in water, CH;CO,H (acetic acid) is an 
acid. 


CH;CO,H + H;O = H;O” + CH;CO; (7-8.7) 
In the sulfuric acid solvent system, CH;ạCO;H 1s a base. 
H;SO, + CH;CO;H = CH;CO,;H¿ + HSO¿ (7-8.8) 


As another example, urea, HạNC(O)NH;, which is essentially neutraÌ in wafer, Is 
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an acid in liquid ammon1a: 


NH; + HạNC(O)NH; = NH‡ + H;NC(O)NH” (7-8.9) 


The Lux-Flood Definition 
Consider Reaction 7-8.10: 


CaO + HO ——> Ca(OH); (7-8.10) 
in which CaO serves as a basic anhydride. Then consider Reaction 7-8.11: 
CO; + HạO —> H;CO; (7-8.11) 


in which CO; serves as an acidic anhydride. In these two cases, CaO and CO; are 
first allowed to react with water, and the hydration products are readily recog- 
nized as a base, Ca(OH);, and an acid, H;CO;. Furthermore, Reaction 7-8.12 


1s readily recogn1zed as a neutralizatlon reaction in which a salt (plus solvent) 1s 
formed. The salt (CaCO;) may be prepared directly, without intervention of sol- 
vent, as in Reaction 7-8.13. 


(GaO + CO;.—>(GaG 0: (7-8.13) 


Itis natural to continue to regard Reaction 7-8.13 as an acid-base reaction. Some 
other examples of direct reactions between acidic and basic oxides are given in 
Reactons 7-8.14 and 7-8.15. 


CaO + SiO, —> CaSiO; (7-8.14) 
3 Na;O + P,O, —> 9 Na;PO, (7-8.15) 


The general principle involved in such processes.was recognized by Lux and 
Flood, who proposed that an acid be defined as an oxide ion acceptor and a base 
as an oxide ion donor. Thus, in Reactions 7-8.13 to 7-8.15, the bases CaO and Na;O 
donate oxide lons to the acids CO,, SiO;, and PzO;, to form the ions CO”, SiO2”, 
and POỷ. 

The Lux-Flood concept ofacids and bases is very useful in dealing with high 
temperature, anhydrous systems, such as those encountered in the oxide 
chemistries of ceramics and metallurgy. Furthermore, the Lux-Flood deBnition 
has a direct relation to the aqueous chemistry of acids and bases because the 
bases are oxides (basic anhydrides) that react with water as in Reaction 7-8.l6 


NazO + HO ——> 9 Na*+92OH- (7-8.16) 


and the acids are oxides (acidic anhydrides) that react with water as in Reaction 


7-8.17. 


PO; + 3 HO ——> 9 H,PO, (7-8.17) 
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The Lewis Definiiion 


One of the most general (and useful) of all definitions was proposed by G.N. 
Lewis. He defined an acid as an electron-pair acceptor and a base as an electron- 
palr donor. This definition includes the Brønsted-Lowry defñnition as a special 
case, since the proton can be regarded as an electron-pair acceptor and the base, 
be it OH", NH;, HSO¿, and so on, as an electron-pair donor. Consider, for ex- 
ample, Reaction 7-8.18. 


H* +:OH- =H:OH (7-8.18) 


The Lewis defnition covers a great many systems where protons are not in- 
volved at all, however. The reacton between NH; and BE; is an acid-base reaction. 


HN + BF, —> H,N:BEFs (7-8.19) 
Lewis LewIs 
base acid 


In the Lewis sense, all of the usual ligands can be regarded as bases and all 
metal ions can be regarded as acids. The degree of affinity o£a metal ion for li- 
gands can be termed its Lewis acidity, and the tendency of a ligand to become 
bound to a metal ion can be regarded as a measure of its Lewis basIcity. 

Base and acid strengths in the Lewis sense are not fñxed, inherent properties 
of the species concerned, but vary somewhat with the nature o£ the partner. That 
1s, the order of base strength ofa series of Lewis bases may change when the type 
of acid with which they are allowed to combine changes. We discuss this in 
Secton 7-9. 

Observe that, for a given donor or acceptor atom, basicity or acidity can be 
influenced greatly by the nature of the substituents. Substituent Influence can be 
either electronic or steric in origin. 


Electronic Effects 

The electronegativity of substituents exercises an obvious effect. Thus base 
strength and acid strength are affected oppositely, as the following examples 
show. 


Base strength (CH;)¿N > HạN > F;N 
Acid strength (CH;:);B < H;B < F;B 


The more electron withdrawing (electronegative) the substituent the more it en- 
hances Lewis acidity and diminishes Lewis basicity. 

However, more subtle electronic effects can also be important. Ôn simple 
electronegativity grounds the following order of acid strengths would be pre- 
dicted: BF; > BClạ > BBr;. Experimentally, just the opposite is found. Thịs find- 
ing can be understood when the existence of 7 interactions in the planar mole- 
cules is taken into account, and when it is noted that, after the Lewis acid has 
combined with a base, the BX; group becomes pyramidal and the boron atom 
no longer interacts with the 7£ electrons of the X atoms. Simple calculations 
indicate that the B—X zø interactions will decrease in strength in the order 
F > CI > Br. Therefore, BEs ¡sa weaker Lewis acid than BƠI; because the planar 
BF; molecule is stabilized to a greater extent than BCI; by B—X 4 bonding. 
Borate esters, B(OR) s, are also surprisingly weak Lewis acids for the same reason. 


228 


Chơpter7 /  Solvenis, Solutions, Acids, and Bœses 


S(eric Effects 
There may be several kinds of steric effects. For the following three bases 
(Structures 7-IV to 7-VI) base strength toward the proton increases slightly from 


CHỊ; 
N N CH; N 
-IV 7-V 7-VI 


Structure 7-IV to 7-V and is virtually the same for Structures 7-V and 7-VI, as is 
expected from the ordinary inductive effect o£a methyl group. However, with re- 
spect to B(CH:);, the order of basicity 1s 


7-IV= 7-VI> 7-V 


Thịs results from the steric hindrance between the ortho methyl group of the 
base and the methyl groups of B(CH;);. For the same reason quinuclidine, 
(Structure 7-VII) is a far stronger base toward B(CH;); than is triethylamine, 
(Structure 7-VII): 


N bàn. 4 


A different sort ofsteric effect results as the bulk on the boron atom in a BR„ 
acid is increased. Since, as we stated previously, the BR; molecule goes from pla- 
nar to pyramidal when it interacts with the base, the R groups must be squeezed 
into considerably less space. As the R groups increase in size, this effect strongly 
Opposes the formation o£ the A:BR; compound, thus effectively decreasing the 
acidity of BR:. 


“Hard” and “Sof†” Acid Base (HSAB) Conceplis 


It has been known for a long time that metal ions can be sorted into two 8TOups 
according to their preference for various ligands. Let us consider the ligands 
formed by the elements of Groups VB(15), VIB(16), and VHB(17). For Group 
VB(15) we might take a homologous series, such as R;:N, R;P, R:As, R;Sb, and for 
Group VHB(17) we take the anions themselves, EF~, CE, Br”, and I-. For type (a) 
metals, cormplexes are more stable with the lightest ligands and less stable as 
cach group is descended. For the type (b) elements the trend is Just the oppo- 
site. This is summarized as follows: 


Complexes of Complexes of 


type (a) metal Ligands type (b) metal 
Strongest RạN  RO  Er Weakest 
R¿P"? Rõ ŒIT 
RạAs  R¿sSe Br 


'Weakest RạSb R;le L Strongest 
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Type (a) metal lons Include principally: 


1. Alkali metal ions. 
2. Alkaline earth lons. 
3. Lighter and more highly charged lons, for example, 


TÍ 1 Co". 


Type (b) metal lons include principally: 


1. Heavier transition metal lons, such as 
E6: kg, PC", PL”, Aø', Gũ" 


2. Low-valent metal ions, such as the formally zero-valent metals in metal 
carbonyls. 


This empirical ordering proved very useful in classifying, and to some extent 
predicting, the relative stabilities of complexes. Later, Pearson observed that it 
might be possible to generalize the correlation to include a broader range of 
acid-base interactions. He noted that the type (a) metal ions (acids) were small, 
compact, and not very polarizable, and that they preferred ligands (bases) that 
were also small and less polarizable. He called these acids and bases “hard.” 
Conversely, the type (b) metal ions, and the ligands they prefer, tend to be larger 
and more polarizable; he described these acids and bases as “soft.” The empiri- 
cal relationship could then be expressed, qualitatively, by the statement that hard 
acids brefer hard bases and soƒfl acids Đréfer sofi bases. Although the poïnt of departure 
for the “hard and soft” terminology was the concept of polarizability, other fac- 
tors undoubtedly enter into the problem. There is no unanimity among chemists 
as to the detailed nature of “hardness” and “softness,” but clearly Coulombic at- 
traction will be ofimportance for hard-hard interactions while covalence will be 
quite signifñcant for soft-soft interactions. The participation o£both electrostatic 
and covalent forces in acid-base interactions will be considered in Secton 7-10. 


The Drago-Woylơnd Equdiion for Quentitotively Es†imoting 
the Sirength of Lewis Acid-Bose Interactions 


In an attempt to account quantitatively for the enthalpy of formation of a Lewls 
acid-base adduct, Drago and his students proposed Ea. 7-10.1. 


-AHng = Eạ x Ea + Œx Œœ + W (7-10.1) 


The parameter AHj¿p is the (normally exothermic) enthalpy of combining a 
Lewis acid A with a Lewis base B to give the adduct B — A. The form of Eq. 
7-10.1 is based on the notion that for each acid-base interaction there will be 
both electrostatic and covalent components to the dative bond. Drago further 
Øostulafed that the tendency of an individual acid or base to contribute either to 
electrostatic or covalent interaction with zwy partner is a fxed characteristic that 
can be defined quantitatively. Thus, each acid or base is said to have a charac- 
teristic value F¿ or E„, respectively, which is indicative of the normal contribution 
of that acid or base to the electrostatic component of any dative bond that it 
forms. Similarly, the cont:ibution of an acid or a base to the covalent component 
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of any dative bond is measured by the parameter CÀ or Œ›, respectively. Thus the 
electrostatic contribution in Eq. 7-10.1 to the total enthalpy ofadduct formation 
1s the quantity Ea x E;, and the covalent contribution to the enthalpy of adduct 
formation is the quantity CA x Œpg. The factor W in Eq. 7-10.1 is usually zero; it 
1s used only when there is suspected to be a constant contribution to the en- 
thalpies of reaction for a particular acid (or base), such contribution being In- 
dependent of the base (or acid) reacting. 

The Drago-Wayland equation states that the enthalpy of adduct formatilon 
will be a large negative number (and the dative bond of the acid-base adduct wïll 
be strong) in cases where either the electrostatic term ¿4 x pg or the covalent 
term CA X Ởg is large. This is tantamount to requiring that the acid Ä and the 
base B be properly matched in bonding characteristics. Thus, A and B are most 
likely to form a strong bond when both contribute to electrosfatiC interaction 
(1.e., have large #values) or both contribute to covalent bonding (1.e., have large 
€values). A mismatch, where one partner prefers electrostatic and the other co- 
valent Interactions, is disfavored since both #¿ x Epg and € x Cpg wIll be small. 

Drago's values for the and Cparameters for a variety of acids and bases are 
given in Table 7-2. In establishing these parameters, it was nec€ssary tO assign ar- 
bitrary values for the four parameters identified in Table 7-2. After that, data- 
fiting procedures were used to arrive at the other values. 


Table 7-2 Drago's Parameters for Estimating the Strength of Acid-Base Interactions" 


Acids lA CÁ 
(C;H;) „AI 19.5 2.04 
(CH;:)„B 5.70 1.57 
BF;(g) 12.19 0.81 
(CH;);AI 132. - 0.94 
lễ 1.00” 1.00 
(CH;);zGa 13.83 0.40 
SO, 1.11 0.74 
(CH;);In 13.19 0.37 

Bases Fh Cp 
(CH;)¿N 7=... 1120 
(C2H,);N 1.99 10.83 
NH(CH;); 1.33 8.47 
(CH;);S 0.57 6.49 
(C;H;),S 0.55 7.40” 
(CH;)„P TâñT 6.51 
NGQ;H; (py) 1.30 6.69 
NH,CH, 1.50 5.63 
NH, 1.48 3.39 
(CH;)„SO 1.36 2.78 
(CH,)¿NOCH; 1.39° — 9/48 
CH;CN 0.90 1.34 
(C:H;),O 1.08 3.08 


mm..." _...... 
“When used in Eq. 7-10.1, these parameters provide an estimate of the enthalpy of adduct forma- 
tion (in kcal mol”) for the Lewis acid-base patr, B — A. The đata were taken from R. S. Drago, N. 
Wong, Ở. Bilgrien, and G. €. Vogel, Inơng. Chem., 1987, 26, 9—14. 


Ặ : 
One of four parameters whose numerical values are assigned arbitrarily. Iterative data-fiting pro- 
cedures are then used to determine a consistent set of vaÌues for other substances. 
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As an example of the use of the Drago—Wayland equation, consider the two 
adducts formed between trimethylaluminum and either trimethylamine or 
trimethylphosphine, as in Reactons 7-10.9 and 7-10.3. 


(CH;)zAI +:N(CHạ); —> (CH;);Al:N(CH;); (7-10.2) 
(CH;);Al +:P(CHạ)¿ ——> (CH;);AI:P(CH;); (7-10.3) 


For the trinethylamine adduct, the Drago-Wayland equation gives us the fol- 
lowing prediction: 


—AH= 17.32 x 1.19 + 0.94 x 11.20 = 31.14 kcal moI'" 


Thus the enthalpy of Reaction 7-10.2 is —31.14 kcal mol”. Correspondingly, for 
the trimethylphosphine adduct we get: 


-AH= 17.32 x 1.11 + 0.94 x 6.51 = 25.35 kcal mol" 


and the enthalpy of Reaction 7-10.3 is -25.35 kcal mol". Hence, trimethylalu- 
minum ïs found to form a more stable adduct with trimethylamine than with 
trimethylphosphine. 

The Drago-Wayland equation has some advantages over the simple HSAB 
approach, because it uses more parameters in order to arrive at a more quanti- 
tative understanding of the acid-base interaction. In cases where a detailed com- 
parison and understanding of relative acid-base strengths ¡is required, Drago's 
approach should be used. Also, the Drago-Wayland equation clearly provides a 
quantitative assessment of the relative importance of electrostatic versus covalent 
bonding in acid-base adducts. 


Some Common Protic Acids 
Sulfuric Acid (H;SOu) 


This acid is of enormous industrial importance and is manufactured in larger 
quantities than any other. The preparation first requires the burning of sulfur to 
SO¿. Oxidation of SO; to SO; must then be catalyzed either homogeneousÌy by 
oxides of nirogen (lead chamber process) or heterogeneously by plainum 
(contact process). Sulfuric acid is ordinarily sold as a 98% mixture with water (18 
M). The pure substance is obtained as a colorless liquid by addition of sufficlent 
SO; tơ react with the remaining H;O. The solid and liquid are built of SO¿ tetra- 
hedra linked by hydrogen bonds.. 

Addition of further SO; to 100% H;SO/ gives fuming sulfuric acid OT oleWm, 
which contains polysulfuric acids, sụch as pyrosulfuric acid (H;S;,O;), and, with 
more SO;, H;SzO¡, and H;S„Oa. 

Sulfuric acid is not a very strong oxidizing agent, but it is a powerful dehy- 
drating agent for carbohydrates and other organic substances, often degrading 
the former to elemental carbon. 


G,H,O,— 2+ ›øC + H,SO, -ø HạO (7-11.1) 
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The equlilibria in pure H;„SO/¿ are complex. Besides self-ion1zation 
9Ø HS JefTTs, THƠ, Kigsø.= 1.7910°%if619G2(7-11⁄2) 


there are hydration-dehydration equilibria, such as 


9 H,SO, = H,O* + HS,O; (7-11.3) 
5IÏSO¿= H-OSGES:O; (114) 
H;SO, + H;S.,O„ = H;ạSO4 + HS,O; and so on (7-11.5) 


Nitric Acid (HNO,) 


The normally available, concentrated acid ¡s about 70% by weight HNO; in 
water. It is colorless when pure but is often yellow as a result of photochemical 
decomposition, which gives NO:. 


2 HNO,—“—›2NO, +H,O+‡O, (7-11.6) 


Red, “fuming” nitric acid is essentially 100% HNO;, which contains additional 
NO¿. 

The pure acid ¡s a colorless liquid or solid that must be stored below 0 °®C to 
avoid thermal decomposition according to the same reaction as Eq. 7-I1.6 for 
photochemical decomposition. In the pure liquid the following equilibria occur: 


2 HNO; = HạNO‡ + NO; trội la) 
H,NOÿ = NO‡ + H„O (7-11.8) 


While aqueous HNO: below 2 Mi concentration is not strongÌy oxidizing, the 
concentrated acid is a very powerful oxidizing agent. It will attack nearly all met- 
als except for Au, Pt, Rh, and Ir and a few others that quickly become passivated 
(covered with a resistant oxide film), such as AI, Fe, and Cu. 


Aqudo Regid 


A mixture of about three volumes of HCI to one volume of HNO¿, prepared 
from the concentrated aqueous acids, is known as aqua regia. It contains free Cl; 
and OINO, and ¡s, therefore, a powerful oxidizing agent. lt readily dissolves even 
Au and Pt, owing to the ability of Cl" to stabilize the AuŸ* and PỨT cations by 
forming the complexes AuCl¿ and PtClš”. Aqua regia may also be used to dis- 
solve certain difficuldy soluble salts because of its combined Ooxidizing and coor- 
dinating abilides. For example, HgS dissolves in aqua regia both because the sul- 
fñide is oxidized to sulfur, and because the mercury(H) ion is stabilized by 
formation of the complex ion, HgGI?”. 


Perchloric Acid (HCIO,) 


Thịs acid 1s normally available in concentrations 70-72% by weight. The pure 
substance, which can be obtained by vacuum distillation in the presence of the 
dehydrating agent Mg(ClO,)›, is stable at 25 °C for only a few days, decompos- 
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ing to give off CI:O;. Both the pure and the concentrated aqueous acid react ex- 
plosively with organic matter. The C]O2 ion is a very weak ligand, and perchloric 
acid and alkali perchlorates are, therefore, of use in preparing solutions in which 
complexing of catlons Is to be minimized. 

Solid perchlorate complexes of transiion metals can be dangerously explo- 
sive. For synthetic purposes, ClO¿ is best replaced by CF;SO; (trifluoromethane 
sulfonate), which 1s commonly known as triflate. The acid (bp 162 °C) is very hy- 
Øroscopic and is a superacid (Section 7-13), with Họ —13.8. 


The Hydroholic Acids (HCI, HBr, and Hi) 


These three acids are similar but điffer markedly from hydrofluoric acid, which 
we describe later in this secton. The pure compounds are pungent gases at 25 
®C but are highly soluble In water to give strongly acidic solutions. Ône molar so- 
lutions are virtually 100% dissociated. For aqueous HBï, and especially HI, their 
reactivity as simple acids is complicated by the reducing character of the Br” and 
L lons. 

Only HCI (bp -85 °C) has been much studied as a pure liquid. Íts autolon- 
ization according to Eq. 7-11.9 is small, 


3 HOI = H;ạCT]' + HCI;: (7-11.9) 


but many organic and some inorganic compounds dissolve to give conducting 
solutions. A number of compounds containing the [CI—H—CI]” and 
[Br—H—Br]T ions have been isolated. 


Hydơrofluoric Acid (HF) 


In đilute aqueous solution HF is a weak acid, 
HF + H,O = HạO”+F ST.  NG (7-11.10) 


This is mainly due to the formation of strong hydrogen-bonded ion pAlrs, such 
as F7---*[H—OH;]. The aqueous acid readily attacks glass and silica because the 
stable SiFỆ ion can be formed: 


6 HF(aq) + SiO, = 9 HạO" + SiFỆ” (T01) 


and it is used commercially to etch glass. 
In contrast to the aqueous solution, liquid HE (bp 19.5 °C) is one of the 
strongest acids known. The principal selEionization equilibria are 


BI E Hạt +E” (7-11.12) 

FF +nønHF = HF§ + H;F; + H;F¿ and so on (7-11.13) 

There are a few substances that act as solvent-system acids towards liquid HE, 
namely, as fluoride lon acceptOrs. Through F7 transfer, they s€rve fO InCr€ase the 


concentration oÑthe solvent cation H,F*. An example is SbE,, which operates as 
in Eq. 7-11.14. 
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2 HF + SbF; = H,F” + SbF§ (7-11.14) 


Liquid HE has a dielectric constant (84 at 0 *C) comparable to that oŸ water, 
and iït is an excellent solvent for a wide range o0 Inorganic and organic com- 
pounds. 


Some Rules Concerning the S†rengths of Oxy Acids 


Acids consising of a central atom surrounded by Ô atoms and OH groups, 


XO„(OH)„„ are very common, Including H;SO/, H;PO,, and HNO:. For these 
acids there are two Important generallzations: 


1. The ratio of successive dissociation constants (K,⁄/K,„¡) ¡is 10'-10”, 
(which is equivalent to pK„_¡ — pK„ = 4.5 + 0.5, where pK= -log K). 

2. The magnitude of K; depends on ø, the number of additional oxygen 
atoms besides those in OH groups. The more of these, the greater the 
acid strength, according to: 


” K Acid Strength 
3 Very, very large Very strong 
2 ~102 Strong 

l 107-103 Medium 

0 10775~10-% Weak 


The basis for these rules, and their general validity, lies in the delocalization 
of the charge of the anions. For a given initial dissociation, 


XO,(OH)„= [XO,..(OH)„,] + H* (7-19.1) 


the greater the number (%+l) of oxygen atoms in the conjugate base 
[XOz.¡(OH)„ _¡]”, the more the negative charge of the anion can be spread out, 
and thus the more stable is the anion. For instance, the negative charge in nỉ- 
trate is dispersed uniformly, as in Structure 7-IX, in the same way that the 7 bond 
in an AB; system is delocalized via resonance. For cases where there are many 


nh... 
` 77 


K0 là 1⁄3 
7-IX 


Oxygen atoms and only a single proton (e.g., HCIO,) delocalization of the neg- 
ative charge in the conjugate base is very effective, and the dissociation of a pro- 
ton from the parent acid is very favorable. In contrast, when ø= 0, there is prac- 
tically no delocalization of negative charge in the anion, and dissociation of a 
proton from the parent “acid” is not favorable. An example is Te(OH)¿, which ¡s 


not appreclably acidic, because there is litle charge delocalization in 
Te(OH);O.. 
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The steady decrease in the values of Ất, &, Ks, and so on, occurs because 
after each dissociation, there is an increased negatIve charge that lessens the ten- 
dency o£ the next proton to depart. 

Apparent exceptlons to rule (9) turn out not to haye suưnple XO„(OH) „ type 
structures. For example, phosphorous acid (H;PO,) would have NI dc 
were P(OH)s. In fact, the value of K is about 102, which should mean that it has 
ø = ], It actually does belong in that group sỉnce its structure is HPO(OH),, with 
one hydrogen atom directly attached to P. Similarly, hypophosphorous acid 
(H;PO,) has Ki ~ 10” and its actual structure is H;,PO(OH). 

Carbonic acid also deviates from expectation, but for a different reason. For 
CO(OH); we expect Kị = 10”, whereas the measured value is approximately 
10. This occurs because much of the solute in a solution of carbonic acid ïs pF€- 
sent as loosely hydrated CO; and not as CO(OH);. When a correction is made 
for this, the true dissociation constant of CO(OH); ¡is found to be about 
210”, which is close to the expected range. 


Superdcids 


There are a number of liquids that are considerably more acidic, by as much as 
10°-10°” tỉmes, than concentrated aqueous solutions of so-called very strong 
acids, such as nitric and sulfuric acids. These are called superacids, and in recent 
years a great deal of new chemistry has been found to occur in these media. 
Superacid systems are necessarily nonaqueous, since the acidity of any aqueous 
system 1s limited by the fact that the strongest acid that can exist in the presence 
Of water is HạO”. Any stronger avid simply transfers its protons to H;O to form 
HạO"”. 

Toö measure superacidity It is necessary to define a scale that goes beyond the 
normal pH scale and is defined in terms of an experimental measurement. The 
usual one 1s the Hammett acidity function #1, defined as follows: 


[BH ] 


Ji = Đ/< 
oẹ=P [B] 


BH” 


—log 


where B is an indicator base, BH” is its protonated form, and pKj¿;+, 1s—log Kfor 
dissociation of BH". The rato [BHT]/[B] can be measured spectrophotometri- 
cally. By employing bases with very low basiciies (very negative pK values), the 
HH, scale may be extended to the very negative values approprlate to the su- 
peracids. The #ụ scale becomes identical to the pH scale in dilute aqueous solu- 
tion. Crudely, ; values can be thought of as pH values extending below pH = 0. 

The first superacid systems to be studied quantitatively were very concen- 
trated solutions of H,SO,. Pure H;SO¿ has # = —12; it is thus about 10!” times 
more acidic that 1 Maqueous H;,SO,. When SO; 1s added, to produce oleum, Hạ 
can reach about —]5. 

Hydrofluoric acid has Hạ of about —11, and the acidity is increased to about 
—19 on the addition of fluoride lon acceptors such as SbE:. 

Superacid media that have found wide application are obtained on addiuon 
of AsE; or SbF; to ñuorosulfonic acid (HSO;F). Pure fuorosulfonic acid has 
Hạ; =—15 and ¡s usefttl because of 1ts wide liquid range, from —89 to +164 °Ö, 1ts 
ease of purification, and the fact that it does not attack gÌlass, provided it is free 
of HE. The selfFionization o£ HSO;F 1s 
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9 HSO,F = H,SO,F† + SO,F~ (7-13.2) 


and any additive that increases the concentration of H;SO;F” increases the acid- 
ity. The addition o£about 10 mol % of SbEF; to HSO¿F increases — to about 19. 
A 1:1 molar mixture of HSO,E and SbE; is colloquially known as “magic acid,” aÌ- 
though the additional SbE; beyond about 10% does little to Increase the acidity. 

The ability of SbE; to increase the acidity of HSO;E is due mainly to the equi- 
librrum 


2 HSO;F + SbF; = HạSO;E”* + SbF;(SO;F)” (7-13.3) 


through which the concentration of the solvent cadon H;SO;F” is increased. 

Superacid media have been used in many ways. The most obvious 1s to prO- 
tonate molecules not normally thought of as bases, for instance, aromatic hy- 
drocarbons. Thus, fluorobenzene in HF/SbF; or HSO;E/SbF; produces the lon 
(Structure 7-X). 


Ẹ 


H H 
7-X 
Many other cationic species that would be immediately destroyed by even 
the weakest of bases can be prepared in and isolated from superacid media. 
These include carbonium ions as in Reaction 7-13.4: 


superacid 


(CH;),COH———————>(CH;);C” +H;O” (7-13.4) 


and halogen cations as in Reaction 7-]3.5: 


superacid 


IỆ lš and or lạ (7-13.5) 
Ít is also possible to prepare some remarkable polynuclear cations o£ sulfur, se- 
lenium, and tellurium, such as S*” S2* Se?* and TeŸ", 


STUDY GUIDE 


Scope and Purpose 


We have presented an overview of the properties of solvents and of acids and 
bases that are important to the material in subsequent chapters. It ¡is also in- 
tended that the varlous definitions of acids and bases that are set down ïn this 
chapter wIll ñnd approprlate use in describing reactions. The principal goals of 
the student are to learn to recognize the various types and đescriptions of acids 
and bases, and to develop a ready appreciation for the defñnition or description 
that most suits a particular reaction. The relative strengths of acids and bases and 
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the relative extents of autOIon1zation, and so on, are also 1mportant concepts and 
trends that have been discussed. 


S†iudy @uestions 


A. Review 


- Name some properties that determine the utility of a solvent. 
-- What is the principal efect of the dielectric constant? 
„- What 1s the relationship between donor and/or acceptor ability of a solvent and its 


ability to function as a solvent? 


- Name four protic solvents besides water. 

-_ Discuss the autodissociation of water and the forms of the hydrated proton. 

- In hquid NH; what are the species characteristic of acids? And bases? 
-_Describe the three classes of apretic solvents, mentioning examples of each. 

- _Name an important industrial process that employs a molten saÌt as a solvent. 


What two properties are generally important in a solvent for electrochemical reac- 
tons? 


Name two common impurities in solvents and indicate how they can be removed. 


._ State the Brønsted-Lowry definition of acids and bases. 
-- Discuss the solvent system defnition and show how it includes the Brønsted-Lowry 


definition as a special case. 


-_ Why ¡is acetic acid not an acid in H;SO„? 
-- To what sort of systems does the Lux-Flood concept apply? Give a representative 


equation. 


„_ State the Lewis definition of acids and bases and write three equations that illustrate 


1t, Including one that involves a protonic acid. 


-_ Why is FạN a much weaker base than HạN? 

„- Why 1s BBr; a stronger acid than BEFs? 

-- Describe the origin of the concept of hard and soft acids and bases. 

._ Write the type of equation used to account for the combined effect of both electro- 


static and covalent forces in acid-base interactions. 


-_ What are the main properties of each of the following common acids? H;SO,, HNO;, 


HCIO,, HF. 


._ Rank the following acids in order of their strengths: HCIO,, HƠIO;, HCIO,, H;SeO;, 


H;AsO,, HMnO,, H;SeO,. Explain your reasoning. 


._ What ¡is the definiton of the Hammett acidity functon (Hạ)? 
-- Why does the addition o£ SbE; to HSO;E cause Hạ to become more negative? 
._ What are the four parameters that are used in the Drago-Wayland equation to esti- 


mate the enthaÌlpy o£ adduct formation, and what does each of the four quantities 
represent? 


B. Additionol Exercises 


1. 


Consider acetic acid as a solvent. Its dielectric constant 1s about 10. What 1s Its mode 
of selFionization likely to be? Name some substances that wiÏl] be acids and some that 
will be bases in acetic acid. WIlI it be a better or poorer solvent than HO for ionic 
compounds? 
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s. 


State whether each of the following would act as an acid or a base in liquid HE. 
BEF¿, SbF;, H,O, CH;CO;H, CạH¿ 


In each case write an equation, or equations, to show the basis Íor yOUr answer. 
Dimethyl sulfoxide is a very good solvent for polar and ionic materials. Why? 


4. Why are only superacids good solvents for species such as lò, Se”?, SẼ", and so on? 


15. 


16. 


lỆ 


18. 


19. 


20. 


S1, 


How would they react with less acidic solvents, sụch as HO or HNO;? 


._ Why do you think phosphines (R;P) and phosphine oxides (R;PO) differ consider- 


ably in their base properties? 


._Which member of each pair would you expect to be the more stable? (]) PtCl27 or 


PŒ?. (2) Fe(H,O)$* or Fe(PH,)ÿ'. (3) F;B:thf or Cl;B:th£. (4) (CH,);B:PCl; or 
(CH;);B:P(CH;);. (5) (CH;)¿A1:pyridine or (CH;);Ga:pyridine. (6) CI;B:NCCH; 
or (CH;);B:NCCH;. 


In terms of the HSAB concept, whích end of the SƠN" ion would you expect to co- 
ordinate to Cr?*? To Pt?*? 


Estimate pK; values for HạCrO„, HBrO„, HCIO, H;IO¿, and HSO;E. 
Write equations for the probable main selfionization equilibria in liquid HCN. 


._Aluminum triluoride (AIFs) ¡s insoluble in HE, but dissolves when NaF is present. 


When BE; is passed into the solution, AIF; is precipitated. Account for these obser- 
Vations using equations. 


._ What change in hybridization is necessary when the following serve as Lewis acids: 


BEF;, AICI:, and SnCTI,? 


._ Balance the equation for the oxidation of Au by aqua regia. 
‹_ Draw the Lewis diagram and predict the structure for SiF§.. 


Write equations representing the autoionizaton o£ the following solvents, and clas- 
sify the process as hydrogen ion or halide ion transfer: (a) HCI, (b) HNO;, (c) 
OPCI:, (d) HE. Identify which species in these systems are the solvent's conjugate 
acid and the solvent's conjugate base. 

Draw the Lewis diagrams for all species involved in Reaction 7-13.2. Discuss this equi- 
librium (a) in terms of the solvent system definition of acids and bases and (b) Im 
terms o£ the Lewis definition of acids and bases. 

Boric acid, B(OH)zs, acts as an acid in water, but does not do so via ionizaton of a 
proton. Rather, it serves as a Lewis acid towards OH”. Explain with the use o£ a bal- 
anced equation, 

The parameter Ki is about 10” for the three acids H;PO, (orthophosphoric acid), 
H;PO; (phosphorous acid), and H;PO; (hypophosphorous acid). se this Informa- 
tion to draw the Lewis điagram for each. 

se the HSAB theory to predict whiích of these two adducts should be the more sta- 
ble adduct, and then explain your choice, both in terms of Ø- and 7-bonding effects. 


H;N:BBr; Or F:N:BE› 
Give a good definiuon for each of the following three terms, and iÏlustrate each with 
an example. (a) solvent-system base, (b) autoionization, and (c) amphoterism. 


Discuss the following two acid-base reactions from the solvent-system point of view. 


2 PQI; + 2'TiC1, =2 PCI¿ + T¡;CIg 
PCI; + NbC]; = NbCls + PCI¿ 
sing the most appropriate acid-base theory, identify the acids and bases in the fol- 
lowing reactions. 
(a4) S¡O; + Na;O = Na;SiO; 
(Œb) B(OR); + NaH = Na[HB(OR);:] 
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(c) NO; + H,O =9 HNO, ˆ 
(d) GIEORFCT = CI.EG®" 
(e) LiạN + 2 NH; = 3 Lï' + 3 NHg 
Ấ)\ 2IHE TH, =lpP TP, 
(g) 3 Al;Cl¿ + PF; = CI;,AI:PF; 
(h) BE; + 2 CIF = CI,F* + BF; 
(Œ)_ NOF + CIF; = NO + CIF; 
() XeOF¿+ XeO;= 2 XeO,F, 
(k) XeOs+OH- =HXeO; 
( SIO; +2 XeFs = 2 XeOE, + SIF, 
(m) PC]; + ICI = PCI¿ + ICI; 
(n) 10S+4NH; = Sễ + S¿N' + 3 NH‡ 
22. Use the Drago-Wayland equation to compare the enthalpy of adduct formation for 
(a) I; plus (C;H;);O, with (b) I; plus (C;H;);S. 
23. Use the Drago-Wayland equation to rank, according to decreasing stability, the vari- 
ous adducts that can be formed from among the following acids and bases. 
Acids B(CH:);, A1(CH;);, and Ga(CH;)s 
Bases (CH;)¿N, (C2H;)¿N, (CH;);S, (CH;)z;P, and (C;H;)zO 
24. Use the values of pK; provided below to deduce the structures of the following oxo 
acids. 


Acid pK 
H;PO, rủ 
HNOs = 
HOƠIO¿ => 
H;IO,¿ 2 
H;PO; 2 
H;PO; 2 
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THE PERIODIC TABLE 
AND THE CHEMISTRY 
OF THE ELEMENTS 


8-1 


Introduction 


Inorganic chemistry has often been said to comprise a vast collecton of unre- 
latable facts In contrast to organic chemistry, where there appears to be a much 
8r€eater measure of systematizatlon and order. This statement is in part true, 
since the subject matter of inorganic chemistry is far more diverse and compli- 
cated and the rules for chemical behavior are often less well established. The 
subject matter is complicated because even among elements of similar electronic 
structure, sụch as Li, Na, K, Rb, and Cs, Group LA(1), differences arise because 
of£ differences in the size of atoms, Ionization potentials, hydration, solvation en- 
ergies, or the like. Some of these đifferences may be quite subtle (e.g., those that 
enable the human cell and other living systems to discriminate among LI, Na, 
and K). In short, every element behaves In a đdifferent way. 

Organic chemistry deals with many compounds that are formed by a ƒœu el- 
ements, namely, carbon 1n s/, sử, OFr s hybridization states, along with H, O,N, 
5 and the halogens, and less commonly B, S¡, Se, P, Hg, and so on. The chem- 
istry is mainly one of molecular compounds that are liquids or solids commonly 
soluble in nonpolar solvents, distillable, or crystalizable and normally stable to, 
though combustible in, alr or oxygen. 

Inorganic chemistry, by contrast, deals with many compounds formed by 
may elements. Ït involves the study of the chemistry of more than 100 elements 
that can form compounds as gases, liquids, or solids, whose reactions may be (or 
may have to be) studied at very low or very high temperatures. The compounds 
may form ionic, extended-covalent, or molecular crystals and their solubility may 
range from essentially zero in all solvents to high solubility in alkanes; they may 
react spontaneously and vigorously with water or air. Furthermore, while organic 
compounds almost invariably follow the octet rule with a maximum coordina- 
tiòn number and a maximum valence of 4 for all elements, inorganic com- 
pounds may have coordination numbers up to 14 with those of 4, 5, 6, and 8 
being especially common, and valence numbers from ~2 to +8. Finally, there are 
types of bonding in inorganic compounds that have no parallel in organic chem- 
istry, where G and Ør-Zwr multiple bonding normally prevaIl. 

Although various concepts help to bring order and systematics In(o inor- 
ganic chemistry, the oldest and still the most meaningful concept of order 1s che 
periodic table of the elements. As we pointed out in Chapter 2, the order in the 
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periodic table depends on the electronic structures oỂ the gaseous atoms. By suc- 
cessively adding electrons to the available energy levels, we can build up the pat- 
tern of the electronic structures of the elements from the lightest to the heaviest 
one currently known, element 109. Moreover, on the basis of the electron con- 
figurations, the elements can be arranged in the conventional long form of the 
periodic table. 

However, the periodic table can also be constructed solely on the basis of the 
chemical properties of the elements, and one ofits chief uses 1S tO Drovide a com- 
pact mnemonic device for correlating chemical facts. In this chapter, the peri- 
odic table is discussed from the chemical, instead of the theoretical, aspect. In 
effect, the kinds of chemical observations that originally simulated chemists 
such as Mendeleev to devise the periodic table are examined here. Now, in ad- 
diton, we are able to correlate such facts, and to interpret them, In terms of the 
electronic structures of the atoms. 


Heorvier Elemenils 


Elements with atomic numbers 104—109 have now been discovered, and those 
through 106, namely Dubnium (Db, 104), Jolioium (JI, 105) and 
Rutherfordium (Rf, 106) have been independently confirmed. In general, the 
elements beyond number 100, Fermium, have been made only a few atoms at a 
time. The detection of element 109 (mass number 266) 1s based on the obser- 
vation of three decay events (or atoms) after 10 days of bombarding a bismuth 
target (2°°Bi;;) with ”°Fe¿s. The halFlife of isotope-266 of element 109 is about 
3.4 ms. TWo Isotopes of element 108 are claimed on the basis of three decay 
events from long-term bombardment of a lead (?°#Pb;; and ?°”Pbạ;) target with 
”8ke,s. The halFlife of isotope-265 of element 108 is about 1.8 ms, whereas the 
halflife of isotope-264 of element 108 is only 76 ts. Only three atoms Of isotope- 
265 of element 108 have been synthesized, and only one atom of isotope-264 of 
element 108 has been detected. Element-107 was synthesized by fusion of bis- 
muth-209 and chromium-54, giving In one trial 14, and in another trial 15, atoms 
Of isotope-262, and 9 atoms of isotope-261. Attempts to synthesize element 110 
using either lead-208 and nickel-64 or bismuth-209 and cobalt-59 have been un- 
successful. 
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THE NATURE AND TYPES OF THE ELEMENTS 
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Mondtomic Elemenls: He, Ne, Ar, Kr, Xe, and Rn 


The noble gases, with their closed-shell electronic structures, are necessarily 
monatomic. In the vapor state, mercury (5đ'°6s”) is also monatomic. However, 
liquid mercury, despite its relatively high vapor pressure and solubility in water 
and other solvents, has appreciable electrical conductivity and is bright and 
metallic in appearance. This occurs because the 6ø orbitals are available to par- 
ticipate in metallic bonding. 
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Diatomic Molecules: Hạ, N;, O;, F;, Cl;, Br;, and I„ 


For the halogens, the formation ofa single electron-pair bond in a diatomic mol- 
ecule completes the octet. For nitrogen and oxygen, multiple bonding allows for 
a simple diatomic molecule. The diatomic molecules Ps and S. are stable at ele- 
vated temperatures, but not at 25 °C. In dihydrogen, formation of a single bond 
completes the 1s shell for each atom. 


Discrete Polyatomic Molecules: P„, S„, Se;, and Fullerenes (C,) 


For the second-row and heavier elements, 7-7 bonding of the type found in 
N; and Ô; is less effective. The formation by phosphorus and sulfur of the nor- 
mai number of single electron-pair bonds as expected from their electronic 
structures (namely, three and two, respectively) leads either to discrete mole- 
cules or to chain structures, which are more stable than the diatomics. 

White bhosphorus has tetrahedral P„ molecules (Structure 8-]I) with the P—P 
đistance 2.21 „ and the P—P—P angles are, of course, 60°. The small angle im- 
plies that the molecule might be strained. Strain in this sense would mean that 
the totaÌ] energy of the six PP bonds in the P¿ molecule ¡s less than the total en- 
ergy of six P—P bonds formed by P atoms having normal bond angles 
(90°—100°). Current theoretical work Indicates that such strain energy is not very 
large, although ït is sufficient to make white phosphorus less stable than black 
phosphorus, where all P—P—P bond angles are normal. White phosphorus 1s 
also much more reactive than the black allotrope. The molecules As„ and Sb„ are 
also formed on condensation from vapor but for them the tetrahedral structure 
1s sữll less stable, readily transforming to the black phosphorus type OỂ structure. 


— =7 


8 


SufÙfur has a profusion of allotropes; these contain multiatom sulfur rings. 
The largest ring thus far known is S;o. The allotropes are referred to as cyclo- 
hexasulfur, cyclooctasulfur, and the like. Chains occur In ¿2nasuf/ur (S). The 
thermodynamically most stable form 1s orthorhombic sulfur (Fig. 8-1), which 
COntaIns Š¿ rings. 


Elẳemenis with Ex†ended Struc†ures 


In some elements, atoms form 2, 3, or 4 single covalent bonds to each other to 
gIve chains, planes, or three-dimensional networks (extended structures). The 
most important elements that do this are 


_ lỆ” S” 
SI As SeZ 
Gc Sb 1ÑE 
Sn” Bì 


() Also molecular (0) Also metallic 
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S—§= 2/089 Ä 
(S—SŠ—S= 107°54ˆ 
Dihedral angle = 98.9° 


3.38 Ä 
„„EI 
"nã 


(4) 


(b) 


Figure 8-ï The structurc of orthorhombic sulfur. (2) The cyclic S„ mole- 
cule. (/) Stacking of S„ molecules in the solid. 


Some of these have allotropes of either molecular or metallic types. Those with 
metallic allotropes are discussed here, as are the ones that form extended, three- 
đimensional, covalent networks. First, we discuss boron, which forms limited net- 
works based on variously linked 12-atom units. 

Elemental boron has several allotropes, all based on B;„ icosahedra 
(Structure 8-JI). In the œrhombohedral allotrope, the B¡; units are packed as 
“spheres” in roughly cubic closest packing. The icosahedral units are linked 
weakly together. The B-rhombohedral form of boron also has icosahedral units 
linked in a complicated way. A tetragonal form of the element has B¡; unIts 
arranged 1n layers that are linked through B——B bonds. The latter, obtained by 
crystallization o£ hquid boron, is the thermodynamically stable form of the ele- 
ment. Ïts structure accounts for the high melúng point (2250 + 50 °C) and for 


8-5 Elemenis with Exiended Structures 245 


S-H 


the chemical Inertness of boron. The element is properly considered to be a met- 
alloid, and its weakly linked B;; structure gives It properties intermediate be- 
tween those of the molecular and the metallic substances. 

The Group IVB(14) elements all have the diamond structure shown 1n 
Fig. 8-2. This structure has a cubic unit cell, but it can, for some purposes, be 
viewed as a stacking of puckered, infinite layers. All atoms in the điamond struc- 
ture are equivalent, each being surrounded by a perfect tetrahedron o£ four 
other atoms. Each atom forms a localized two-electron bond to each ofits neigh- 


Figure 8-2 The diamond structure seen from two poin(s oŸview. (4) The conven- 
tỉonal unit cell. (ð) A vicw showing how layers are stacked; these layers run perpendicu- 
lar to the body diagonals of the cube. Remember, however, that thĩs is not a layer struc- 
ture; Ìts properties are the same in all directions. 
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bors. The extended, three-dimensional, covalent network structure clearÌy ac- 
counts for the extreme hardness of diamond. 

Šbcon and germamwium normally have the diamond structure. 7z has the di- 
amond structure, but ¡t also displays the equilibrium shown in Reaction 8-5.]. 


J\gib G7 
œ—Sn B—Sn (8-5.1) 
“Gray” “White” 
diamond distorted cp 
d” =5.75 d” =17.31 


The white allotrope has a more efficlent, near-ideal, closestpacking (cp) 
structure, and this accounts for the higher density of the white (B-Sn) allotrope, 
compared to the œSn allotrope, which has the diamond structure (đ”° in 
Reaction 8-5.] represents density, in grams per cubic centimeter, at 20 °C). 

Carbon also exists as ørzø“z, which has the layer structure shown In Flïg. 
8-3. The separation of the layers (3.35 Ả) 1S approximately the sum of the van der 
'Waals radii for € and indicates that the forces between the layers should be weak. 
Thịs accounts for the softness and lubricity of graphite, since the layers can eas- 
1ly slip over one another. Each C atom ï¡s surrounded by only three neighbors; 
after forming one G bond with each neighbor, each C atom still has one electron 
and these electrons are paired up into a system o£7t bonds, as shown in Structure 
8-IH. Resonance makes all bonds equivalent so that the C—C bond distances are 
all 1.415 A. 


TY S7 QC 
| 
C 


8-HI 


Thị is a litle longer than the C—C distance in benzene where the bond order 
1s 1.5 and corresponds to a C—C bond order in graphite of about 1.33. Since 
ÿm-ÿr multiple bonding is clearly involved, the other Group IVB(14) elements 
cannot form this typbe of structure. The continuous 7 system in each layer makes 
possible good electrical conductance, especially in directions parallel to the lay- 
ers. The conductance in these directions is I0  times greater than it is in the di- 
rection perpendicular to the layers. In diamond the conductance is only 10”! of 
thatin the graphite layers. For the elements S¡, Ge, and §n in their diamond-type 
Structures the conductances steadily increase until at tin it is comparable to that 
within the graphite layers. This is an excellent illustration of Iincreasing metallic 
character as a group is descended. 

Recently, it has been found that carbon exists in a third allotropic form in 
which there are large, spheroidal C„ molecules, with = 60 or more. Those with 
ø = 60, 70, 76, and 78 have structures that are more or less definitely established, 
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Figure 8-3 The normal structure of graphite. 


as shown 1n Fig. 8-4. The ¿o molecules were first recognized and christened 
“buckminsterfullerene” after the American architect-engineer E. Buckminster 
(Bucky) Fuller, who was best known for designing hemispherical geodesic 
domes, consisting of pentagonal and hexagonal faces. More commonly, these 
molecules are now called fullerenes and most informally, buckyballs. The Cạo 
buckyball has the same form as a soccer ball. 

Large scale preparation offullerenes is achieved by vaporizatlon of graphite 
in an electric arc or by a plasma discharge. However, these methods produce 
mmixtures that are not easy to separate. The lower ones, especially Cao and z¿, 
can be separated from the many larger ones by extracting them into hexane, 
benzene, or toluene, when they form magenta solutons. The ¡eo to zzo 
fullerenes dissolve In high-boiling solvents, such as 1,2,+©¿H;Cl; (bp 214 °C), 
while the completely insoluble residues are thought to contain fullerenes as 
large as Cxoọ. Separation of Cao and ©;o from each other 1s very difficult on more 
than a small (~30 mg) scale. 

Because of their spheroidal shape, the fullerenes so and ro form very dis- 
ordered crystals and the determination of their structures was not easily accom- 
plished. However, by use of derivatives and with the help of NMR and other spec- 
troscopic data, the structures of the smaller fullerenes are well established. In all 
of them, each carbon atom has three neighboring carbon atoms and forms, for- 
mally, two single and one double bond. ¿ạ has 32 faces, 20 of which are hexa- 
gons and 12 of whích are pentagons. so aÌso seems to be the most stable o£ the 
fullerenes. This is, in part, due to the fact that there is considerable delocaliza- 
tion of the electrons in the formal double bonds, and in fact the two kinds of 
C—C distances are very close, with values of about 1.40 and 1.50 Ả. 

The fullerenes are the least stable of the carbon allotropes. Graphite, being 
the most stable, is assigned a standard heat of formation (AH?) of precisely zero, 
while diamond,has AH?= 2.9 kJ THÔI”, Cao ha§ AH;= 38.1 kJ mol”. 

In Group VB(15), øosbhorws has numerous polymorphs. The common red 
form, which may be a mixture of forms, has not been structurally characterized. 
Black phosphorus, obtained by heating white phosphorus under pressure, has 
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Figure 8-4 The structurcs of some of the smaller fullerenes, Cạạ, 7o, C;¿, and two isomers of 
G„s. [Reprinted with permission from E. Diederich and R. L. Whetten, “Beyond ao: The Higher 
Fullerenes,” Aec. Chem. Rzs., 25, 119-126 (1992). Copyright © (1992) American Chemical 
Society. | 
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Figure 8-5 The arrangement of atoms in the double layers found in crystalline black 
phosphorus. 


the structure shown in Fìg. 8-5. Each phosphorus atom ¡is bound to three neigh- 
bors by single bonds, 2.17-9.20 Ả long. The double layers thus formed are 
stacked with an interlayer distance of 3.87 Ả. As is true for graphite, the layer 
structure of black P leads to flakiness of the crystals. It also accounts for the lack 
OỀ reactivity, for example, to air, compared to P¿. 

Arsenic, anfzmony, and bismw(b all form crystals whose structures are similar to 
that of black phosphorus. However, they are bright and metallic in appearance 
and have resistivities that are comparable to those of metals such as T¡ or Mn. 
Clearly, structure alone does not fix the properties of a substance. In As, Sb, and 
Bi, the larger atomic orbitals lead to the formation of energy bands rather than 
purely localized bonds. This gives rise to increasing metallic character. 

The chain form oÝ sưÏur (cœfenasufur) 1š the main component oŸ the so- 
called plasuc sulfur obtained when molten sulfur is poured into water. lt can be 
drawn into long fibers that contain helical chains of sulfur atoms. It slowÌy trans- 
forms to orthorhombic S;. 

The stable form of se/zzzm, gray, metal-like crystals obtained from melts, 
contains infinite spiral chains. There is evidently weak interaction of a metallic 
nature between neighboring atoms of different chains, but in the dark the elec- 
trical conductivity of selenium is not comparable to that of true metals (resistiv- 
ity 2 x 10! HQ cm). However, it is notably photoconductive, and is hence used 
in photoelectric devices. Selenium is also essential to the process of xerography. 

Tờlluriurm 1S 1somorphous with gray Se, although it 1s silvery white and semi- 
metallic (resistivity 2 x 10? HQ cm). The resistivity of S, Se, and Te has a negative 
temperature coefficient, usually considered a characteristic of nonmetals. 


Metols 


The majority of the elements are metals. These elements have many physical 
properties different from those of other solids, notably: (1) high reflectivity; (2) 
high electrical conductance, decreasing with increasing tempcerature; (3) high 
thermal conductance; and (4) mechanical properties such as strength and duc- 
tility. There are three basic metal structures: eư¿c and exagơnal close pached ŒI- 
lustrated in Secton 4-7) and ðody-centered cub¿c, bcc (Flg. 8-6). In ðcc packing cach 
atom has only 8 instead of 12 nearest neighbors, although there are 6 next near- 
est neighbors that are only about 15% further away. It is only 92% as dense an 
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Figure 8-6  A body-centered cubic (bcc) 
structure. 


arrangement as the ủ{ø and cœ structures. The distribution of these three struc- 
ture types, #œ, cœ, and ủee in the periodic table ¡s shown in Fig..8-7. The major- 
ity of the metals deviate slightly from the ideal structures, especially those with 
hœb structures. For the »œØ structure the ideal value of ¿/⁄2, where cand øz are the 
hexagonal unit-cell edges, 1s 1.633. All metals having this structure have a smaller 
c/a ratio (usually 1.57 — 1.62) except zinc and cadmium. 

The characterisúc physical properties of metals as well as the high coordi- 
nation numbers (either 12 nearest neighbors, or 8 plus 6 more that are not too 
remote) suggest that the ønđing ?m mmztals 1s different from that in other sub- 
stances. There is no ionic contribution, and it is also impossible to have two-elec- 
tron covalent bonds between all adjacent pairs o atoms, since there are neither 


Figure 8-7 The occurrence of hexagonal close-packed (hcp), cubic close-packed 
(ccp), and body-centered cubic (bcc) structures among the elements. Where two or 
more symbols are used, the largest represents the stable form at 95 °C. The symbol la- 
beled hcp/ccp signifies a mixed.... ABCABABCAB... type of close packing, with over- 
all hexagonal symmetry. [Adapted with permission from H. Krebs, Grwwdzwge der 
Anorgamishen Kristalichemie, F. Enke Verlag, 1968.] 
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sufficient electrons nor sufficient orbitals. An explanation of the characteristic 
propcrties of metals is given by the so-called band theory. This is very mathe- 
matical but the principle can be illustrated. 

Imagine an array of atoms so far apart that their atomic orbitals do not ïn- 
teract. Now suppose this array contracts. The orbitals of neighboring atoms 
begin to overlap and interact with each other. So many atoms are involved that 
at the actual đistances in metals, the Interaction forms essentially continuous en- 
crgy bands that spread through the metal (Fig. 8-8). The electrons in these 
bands are cơmlefely delocal;zed. ©bserve also that some bands may overlap. In Fïg. 
8-8, where Na ¡s used as an ïllustration, the 3s and 3ø bands overlap. 

The energy bands can also be depicted as in Fig. 8-9. Here energy ¡is plotted 
horizontally, and the envelope indicates on the vertical the number of electrons 
that can be accommodated at each value of the energy. Shading is used to indi- 
cate filling of the bands. 

Completely filled or completely empty bands, as shown in Fig. 8-9(z), do not 
permit net electron flow and the substance is an ¿zswiaiơr. Covalent solids can be 
discussed from this point oŸ view (though it is unnecessary to do so) by saying 
that all electrons occupy low-lying bands (equivalent to the bonding orbitals) 
while the high-lying bands (equivalent to antibonding orbitals) are entirely 
empty. Metallic conductance occurs when there is a partially filled band, as In 
Fig. 8-9(0); the transidion metals, with their incomplete sets of đ electrons, have 
partially filed đ bands and this accounts for their high conductances. 
Overlapping bands, as In Na, are illustrated in EFig. 8-9(¿). 


Cohesive Energies of Metdls 


The strength of binding among the atoms in metals can be measured by the zn- 
thalbies oƒ alomizafzon (Fig. 8-10). Cohesive energy maximIizes with elements hav- 
¡ng partially fñlled đ shells, that is, with the transition metals. However, it 1s par- 
ticularly with the elements near the middle of the second and third transiion 
series, especially Nb—Ru and Hf——Tr, that the energies are largest, reaching 837 
kJ molFˆ for tungsten. It is noteworthy that these large cohesive energies are prin- 
cipally due to the structure of the metals where high coordinaton numbers are 
involved. For an hœ or cœ structure, there are 6 bonds per metal atom (since 
each of the 12 nearest neighbors has a halfshare in each of the 12 bonds). Each 
bond, even when cohesive energy is 800 kƑ mol *, has an energy of only 133 k] 
mol", roughly one half of the C—C bond energy in diamond where each car- 
bon atom has only four neighbors, but there are three times as many of them. 


PART B 


THE CHEMISTRY OF THE ELEMENTS IN RELATION 
TO THEIR POSITION IN THE PERIODIC TABLE 


W© can now proceed to a more detailed commentary on the chemical reactivity 
and types of compounds formed by the elements. The periodic table forms the 
basis for the discussion, starting with the simplest chemistry, namely, that of hy- 
drogen, and proceeding to the heaviest elemernits. 
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8-7 Hydrogen: 1 s' 
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Figure 8-10 Heats of atomization of metals, A724; for M(s) — M(g). [Reproduced by permis- 
sion from W. E. Dasent, norgamic Energefies, Second Ediuon, Cambridge University Press, New 
York, 1982.] 


8-7  Hydrogen: 1s' 
The chemistry of hydrogen depends on three electronic proC€ss€s: 


1. Loss oƒ the 1s 0alenee electron. Thịs forms merely the proton, H”, Its small 
size, r~ 1.5 x 10”! cm, relative to atomic Siz€S 7~ 10 cm, and its charge 
result in a unique ability to distort the electron clouds surrounding other 
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atoms. The proton øuør exists as sụch except in gaseous ion beams. Ït is 
1Invariably associated with other atoms or molecules. Although the hydro- 
gen lon in water is commonly written as H”, it is actually HạO” or 
H(H;O);. 

2. AcqguisiÐơn öƒ ứn el¿ctrơn. The H atom can acquire an electron forming the 
hydride ion HT with the He 15” structure. Thịs lon exists only in crystalline 
hydrides of the most electropositive metals (e:g., NaH or CaH;). 


3. Formaiton oƒ an el¿clrơn ai bond. Nonmetals and even many metals can 
form covalent bonds to hydrogen. 


The chemistry of hydrogen-containing substances depends greatly on the 
nature of the other elements and groups in the compound. The extent to which 
the compounds dissociate in polar solvents, acting as acids in the general way 
shown in Reaction 8-7.]: 


HX = H+Xx- (8-7.1) 


1s particularly đdependent on the nature of X. 

The electronic structure and coordination number of the whole molecule are 
also important. Consider BH;, CH¿, NH;, OH., and FH. The first acts as a Lewis 
acid, and dimerizes instantly to B;Hạ; CH¿ is unreactive and neutral; NH; has a 
lone païr and is a base; HạO with two lone pairs can act as a base or as a very weak 
acid; HE a gas, is a much stronger though still weak acid in aqueous solution. 

AlII H—X bonds necessarily have some polar character with the dipole ori- 


ented—X orh—ÑŸ. The term “hydride” is usually given to those compounds 
in which the negative end o£ the dipole is on hydrogen (eg., in SiH,, 


SIC lộ However, although HCI as H—ÐI ba strong acid in aqueous soÌlu- 
tion, nevertheless, it is a gas and is properly termed a covalent hydride. 


Helium (1s?) and the Noble Goses (ns?np*) 


The second element 2z» (He), with Z= 92, has the closed 1s shell; its very small 
size leads to some physical properties that are unique to liquid helium. The phys- 
ical properties of the other noble gases vary systematically with size. Although 
the first ionization energies are high, which is consistent with their chemical in- 
ertness, the values fall steadily as the size of the atom increases. The ability to 
enter into chemical combination with other atoms should increase with de- 
Creasing lonization potential and decreasing energy of promotion to states with 
unpaired electrons; that is, zsÊz” — ms?m#”(m + 1) s. The threshold of chemical 
activity is reached at Kr, but few compounds have been isolated. The T€actIVity Of 
Xe is much greater, and many compounds of Xe with O and F are known 
(Chapter 2l). The reactivity of Rn is presumably suil greater than that of the 
other noble gases, but since the longestlived isotope (?°Rn) has a halElife of 
only 3.825 days, only limited tracer studies can be made. 


Eleêemenis of the Firs† Shor† Period 


The third element //¿,m (L1), with Z= 3, bas the structure 1s22s. With increas- 
¡ng 2, electrons enter the 2s and 2ø levels undil the closed-shell configuration 
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13229?2/” is reached at neon. The seven elements Li to F constitute the first 
members of the ørøw#s of elements. 

Although these elements have many properties in common with the heavier 
elements of their respective groups, which is to be expected in view of the simi- 
larity in the outer-electronic structures of the ø#s0ws atoms, they nevertheless 
show highly individual behavior in many important respects. We have already 
seen that O›; and N; form dđiatomic molecules, whereas their congeners, S and P, 
form polyatomic molecules or chains. Indeed, the diferences between the 
chemistry of B, €,N and O, and AI, Si, P and S, and the heavier members of 
these groups 1s sufficiently striking that in many ways it is not useful to regard the 
clements of the first short period as prototypes for their congeners. The closest 
analogies between the elements of the first short period and the heavier ele- 
ments of particular groups occur for Li and F, followed by Be. 

The increase in nuclear charge and consequent changes in the extranuclear 
Structure result in extremes of physical and chemical properties. Figure 8-I1 
ø1ves the first ionization enthalpies: “The low ionization enthalpy for im is in 
accord with facile loss of an electron to form the Lï” ion, which occurs both in 
solids and in solution. It accords with the high reactivity of lithium with oxygen, 
nitrogen, water, and many other elements. 

For ðeryiwm (Be), the first (899 kJ mol”) and especially the second (1757 
kJ mol”) ionization enthalpies are sufficiently high that total loss of both elec- 
trons to give Be?” does not occur even with the most electronegative elements. 
Thus in BeE;, the Be—F bonds have appreciable covalent character. The lon in 
aqueous solution, [Be(H;O)„]”", is very strongly aquated and undergoes hydrol- 
ysis quite readily to give specles with Be(OH) bonds. 

For the succeeding elements, the absence o£ any simple cations under any 
conditions 1s to be expected from the high Ionizaton enthalpies. Note that the 
values (Eig. 8-11) for B, C, and N increase regularly but that they are lower than 
the values that would be predicted by extrapolatlon from Lï and Be. This arises 
because ø electrons are less penetrating than s electrons; they are, therefore, 
shielded by the s electrons and are removed more easlly. Another discontinuity 
Occurs between N and O. This occurs because the 2ø shell 1s half full, that is, 
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Figure 8-IT† First ionization enthalpies of the elements Lï to 
Ne. See also Eig. 2-14. 


25ó 


Chopter8 / The Periodic Table and The Chemistry of The Elemenis 


?xjyÐ. at N. The ø electrons added in O, E, and Ne thus enter ø orbitals that are 
already singÌy occupied. Hence, they are partly repelled by the ø electron already 
present in the same orbital and are less tightly bound. 

The electron attachment enthalpies (Section 1-2) become increasingly more 
negative from Li to E and the electronegativities (Sections 1-2 and 2-7) of the el- 
ements Increase from L1 to F. 

Boron (2s?2/!) has no sinple lon chemistry associated with cations of the 
type B”'. Rather, it is bound covalently in all of its compounds, as in oxoanions, 
organoboron compounds, or hydrides. 

Amiơn f0wrmation first appears for carbon, which forms Cễ” and some other 
polyatomic ions, although the existence of CÝ~ is uncertain. N” ions are stable 
in nitrides o£ highly electropositive elements. Oxide (O?) and fluoride (F”) are 
common in solids, but observe that O”” ions cannot exist in aqueous solutions. 
Compare 


O?-+H,O =9 OH- Ksj0" (8-9.1) 
F~ + H;O = HF +OH- K=10” (8-9.2) 


Carbøn 1s a true nonmetal and its chemistry is dominated by single, double, 
and triple bonds to itself or to nitrogen, oxygen, and a few other elements. What 
distinguishes carbon from other elements is its unique ability to form chains of 
carbon-carbon bonds (called catenation) in compounds—as distinct from the 
element itself. 

Ntogen as nitrogen gas (N;) is relatively unreactive because of the great 
strength of the NSN bond and its electronic structure. Nitrogen compounds 
are covalent, usually involving three single bonds, although multiple bonds, such 
as C=N or Os=N, can exist. With electropositive elemenmts, ionic nitrides con- 
taining N” may be formed. 

The diatomic molecule øxygen has two unpaired electrons and consequently 
is very reactive. There is an extensive chemistry with covalent bonds as in 
(CH;),C=O, (G;H;)¿O, CO, SO;, and the like. However, well-defined oxide 
ions O”, Os, and Oš” exist in crystalline solids. Hydroxide ions (OH") exist both 
in solids and in solutions, although in hydroxylic solvents the OH” ion is 
doubtlessly hydrated via hydrogen bonds. ` 

Fiuor¿we 1s extremely reactive due largely to the low bond energy In F,. This 
1S a result, In part, of repulsions between nonbonding electrons. lonic com- 
pounds containing E” ions and covalent compounds containing X——F bonds are 
well established. Owing to the hiph electronegativity of fuorine, such covalent 
bonds are generally quite polar in the sense X*—ƑF-, 


Covdlen† Bonds 


A few points may be mentioned here. 


1. Note that Be, B, and C have fewer unpaired electrons in their ground 
states than the number of electron-pair bonds they normally form. This has been 
explained previously in terms of promotion to valence states. 

2. The elements ofthe first short period obey the octet rule. Since they have 
only four orbitals (2s, 22,, 2ø„ 22,) in their valence shells, there are never more 
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than eight electrons in their valence shells. This means that the maximum num- 
ber of electron-pair bonds is four. The octet rule breaks down for elements in the 
second short period. 

For example, phosphorus (3s3/3đ°) can be excited to a valence state 
3s'3/ø`3đ` with an expenditure of energy so modest that the heat of formation of 
the two additonal bonds will more than compensate for it. On the other hand, 
promotion of N (22) to any state with five unpaired electrons, such as 
2s'2ø`3đ', would require more promotional energy than could be recovered by 
the extra bond formation energy. 

For C, promotion from 232/” to 2s2Ø” gives the valence of four. For N 
(22?°) only three of the five electrons can possibly be unpaired, in O only two, 
and in F only one. Hence, these elements are limited to valences of three, two, 
and one. ©n the other side of , that is, in Li, Be, and B, the valences are less 
than four because of lack of electrons to occupy the orbitals, so that by electron 
sharing alone these can show valences of only one, two, and three, respectively. 

3. Where there are fewer electrons than are required to fill the energetically 
useful orbitals, as In trivalent boron compounds [e.g., BCI;, BF;, and B(CH;);], 
there is a strong tendency to utlize these orbitals by combining with compounds 
that have an excess of electrons. Examples of these compounds are those oÝ triva- 
lent nitrogen [e.g., NH;, N(CH;)s, etc.] or oxygen [e.g., HO, (C;H;);:O, etc.] 
that have unshared electron pairs. The former are thus acceptors of electrons 
(Lewis acids) and the latter are donors of electrons (Lewis bases). The formation 
of a dative bond ¡s shown In Flg. 8-12. 


Notice that while nitrogen compounds have only one unshared pair (:NR;), 
Oxygen compounds have fwo (:ÖOR¿); normally only one of the electron pairs is 
used and only in a very few cases does oxygen form four bonds. BerylỦum com- 
pounds with two empty orbitals usually fll these by forming compounds with two 
donor molecules (BeX;L¿). 

Note that sụch donor-acceptor bebavior is not confined to elements of the 
first short period, but is quite general. Adducts may be formed between com- 
pounds whenever one compound has empty orbitals and the other has unshared 
electron palrs. 

Compounds of many elements may act as acceptors, but donors are com- 
monly compounds oŸ trivalent Ñ, P, and As and compounds o£ divalent Ô and 5S. 
However, a very important class of donors are the halide and pseudohalide lons, 
and ions such as hydride (H) and carbanions (e.g., CH; or CaH;). Some repre- 
sentative examples are 


BE; + FT = BF¿ (8-9.3) 
PF,+E-=PFg (8-9.4) 

AIGI; + CL = AICI; (8-9.5) 

PtCl, + 2 CL = PtCI?Ƒ (8-9.6) 
Ni(CN);+ 2 CN = Ni(CN)# (8-9.7) 
Co(NCS); + 2 SCN” = Co(NGS)#” (8-9.8) 


BH; + H-= BH¿ (8-9.9) 
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Figure 8-12 The formation of a dative bond between boron 
in a BX; acceptor and nitrogen in an NY; donor. 


AI(CH;); + CHạ = Al(CH;)z (8-9.10) 


Lewisbase behavior is also shown by some transition metal compounds, as we 
discuss later. One example is the compound (n-C,H,)„ReH, which is as strong 
a base to protons as NH;. The reason why some atoms succeed in increasing 
their coordination numbers from three to four but seldom from two to four can 
be understood if we consider the polar nature of the dative bond. The donor 
and acceptor molecules are both electrically neutral. When the bond is formed, 
the donor atom has, in effect, lost negative charge rendering it positive. It has 
only halfFownership of an electron pair that formerly belonged to it entirely. 
Converscly, the acceptor atom now has extra negative charge. This would be true 
for complete sharing of the electron pair (Structure 8-IV). Lesser polarity ¡is in- 
troduced ¡f the electron pair remains more the property of the donor atom than 
the acceptor (Structure 8-V), in which case we indicate only charges ð+ and õ— 
on the atoms. 


-e+e ồ— ồ+ ĐiNMGf- 

BN DU... N `: B%; 
R 

8-IV 8V 8-VI 


This charge separation can be achieved only by doïng work against Coulomb 
forces, whiịch we must assume is more than compensated by the bond energy 
when a stable system results. However, if we take a case where one donor bond 
has been formed (Structure 8-VI), then the second unshared pAlr on oxygen is 
further restrained by the positive charge that arises on O from the dative bond 
already formed. There is thus mụch more Coulombic work to be done in form- 
¡ng a second dative bond—enough apparently to make this process energetically 
unfavorable. Steric hindrance between the fñirst acceptor and a second would 
also militate against addition of a second acceptor. Note that this electrostatic ar- 
gument is basically the same as that used to explaimn relative dissociation con- 


stants In polyfunctional acids. 


The Elemenis of the Second Shor† Period 


The elements of the second short period are Na, Mg, AI, Si, P, S, Cl, and Ar. 
Although their outer-electronic structures are similar to those of the corre- 
Sponding elements in the first short period, their chemistry differs considerably. 
In particular, the chemistry of Si, P, S, and Cl ¡s largely different from their cor- 
responding partners in the first short period. The elements of the second short 
period, however, give a better guide to the chemistry of the heavier elements in 
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their respective groups than the elements of the first short period that start the 
groups. Thịs is especially the case for the nonmetallic elements for the following 
T€aSONS: 


1. ItCis not generally favorable to form Øø7t-# multiple bonds such as Si=Siï, 
SI=O, or PSEP. Most likely, this occurs because, in order to approach close 
enough to get good overlap of Ø4 atomic orbitals, the heavier atoms would en- 
counter large repulsive forces due to overlapping o£ therr filled inner shells. The 
small, compact inner shell of the elements from the second row (i.e., Jjust 1s?) 
does not produce this repulsion. 

The result is that, as we have seen, the nature of the elements of the second 
short period is strikingly different from that of the elements of the first short pe- 
riod. As a striking example, consider the vast chemistry of carbon associated with 
multiple bonds such as C==C, C==C, C==O, and C=N. In contrast, silicon dis 
plays less tendency to form multiple bonds of this type, and although many com- 
pounds containing double bonds (e.g., SI=SI, Si==P, Ge==Gce, Ge=C, and 
P=P) are known, the substances are stable only when sterically encumbered by 
very bulky substituents so that the double bonds are Èzz⁄22calhb stable. An exam- 
ple is [(CH;);S¡]zCP==PC[Si(CH;) ;]z. Here, we also note that whereas CÔ; 1s a 
gas, SiO› (quartz) is an infinite polymer or network substance. 

2. Although in certain types of compounds o£ P, S, and CI, such as C1;PO, 
Cl;SO, SO,, ClO¿, and ClO;, there 1s some multiple bonding, this bonding oc- 
curs by an entirely different mechanism involving đ orbitals. The low-lying 3đ or- 
bitals can be utilized not only for ø-đr muluple bonding, but also for additonal 
bond formation. The octet rule now no longer holds rigorously and is indeed 
commonly violated. 

3. The possibility of using the 3đ orbitals then allows promotion to valence 
states leading to formation of five or six bonds. Hence, there are compounds 
such as PCI;, SFs, and the ion SiFễ, in which we have five- and six-coordination. 
For silicon, even where there is some analogy with carbon chemistry, as In com- 
pounds with single bonds, the reactions and mechanisms operating in silicon 
chemistry may be vastly different. A simple example is the unreactivity of CC, 
toward H;O, whereas SiCl¿ 1s instantly hydrolyzed. 

4. The shapes of molecules and the nature of the bonds also differ. Recall 
the điscussion from Chapter 3 concerning VSEPR geometries. 

5. Even the cation- and anion-forming elements differ. Thus while beryl- 
lium forms only [Be(H;O)„]”", the magnesium ion is [Mg(H;O)¿]?", and there 
are substantial differences between the chemistry o£ Li and Na. Aluminum 1s an 
electropositive metal totally diferent from boron, although in certain covalent 
compounds there are some similarities. For Group VHB(17), the ClI—CI bond 
strength ¡s actually higher than that of F;, and CÏ; 1s mụch less reactive. In addi- 
tion, solid chlorides commonly have structures that are quite different from 
those of the corresponding fluorides. The structures OÝ lonic chlorides are much 
closer to those given by sulfides. 


The BRemoinder of the Noniransiiion Elemenis 


The remainder of the nontransition elements have many important periodic 
trends in the physical and chemical properties and ïn the structures of the ele- 
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ments. As already pointed out, a thorough discussion of chemical periodicity 1s 
cormnplicated by the fact that the elements In the first short period (row two of the 
periodic table) do not uniformly serve as reliable guides to the behavior of the 
other elements of their respective periodic table groups. This is In spite of the 
fact that the elements of the first short perlod each reside at the top of their 
group. Even L¡ and EF, which do serve as reasonable guides to the chemistry Of 
the other elements of their respective groups, show significant differences. Much 
better guides to the chemistry of the elements of the periodic table groups are 
the elements Na through Ar, which constitute the second short period, or row 
three of the periodic table. Thus there are major disparities between the chem- 
Istry OỂ nitrogen and phosphorus in Group VB(15), followed by more regular 
trends in chemistry on đescending the rest of Group VB(15). Likewise, carbon 
1s not very similar to silicon, whereas the remaining elements of Group IVB(14) 
đisplay a uniform trend towards increasing metallic character on descending the 
group from Ge (a metalloid) to Sn and Pb, both of which are metals. 

The best way to outline the numerous periodic aspects of the chemistry of 
the nontransitlon elements [Groups IA(1), IIA(2), and Groups IHIB(13) through 
VIHB(18) ] is to state carefully: 


Eirst, the differences between each element in row two and the remaining el- 
ements In the same group. 


Second, the regular variations thereafter, upon descending the group. 
Among the regular variations to be discussed here and at greater length later are 


1. Metallic character for the elements. 
2. Properties of the oxides of the elements, including 
(a) Ionic versus covalent character. 
(b) Acidic versus basic character. 
3. Propertles of the halides of the elements, including 
(a) Molecular versus ionic character. 
(b) Ease of hydrolysis of the halide derivative. 
4. Trends in electrovalence and covalence among the elements. 


5. Trends in structure, especially coordination numbers among unassoci- 
ated molecules and complex ions, as well as the tendency to form ag- 
ðregates in the solid state so as to increase the effective coordination 
number of an element. 


6. Properties of the hydride derivatives of the elements, especially volatility 
and reactivity. 

7. Tendency for catenation among the compounds of the elements. 

8. The relative importance of Ø-/#t versus đt (or even đã—đT7Ø) bond- 
¡ng in compounds of the elements. 

9. The general strength of covalent bonds to particular elements. 


10. The relative importance of low-valent versus high-valent oxidation states 
of the elements. 


The main features of periodicity are outlined briefly in this chapter. Greater 
discussion of these points is undertaken in the chapters of Part 2 of the book 
(Chapters 9-22, The Main Group Elements). 
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Group IA(1) 


AlI the elements of Group IA(1) (Table 8-1) are highly electropositive giving +l 
1ons. O£ all the groups in the periodic table, these metals most clearly show the 
cffect of iIncreasing size and mass on chemical properties. Thus, as examples, the 
following properties đeer¿ase from L to Cs: (a) melting points and heat of subili- 
mation of the metals; (b) lattice cnergies o salts except those with very small an- 
lons (because of irregular radius ratio ceffects); (c) effective hydrated radii and 
hydraton energies; and (đ) strength of covalent bonds in M; molecules. 


Groups lIA(2) and IIB(12) 


Some properties of the elements in Groups HA(2) and IB(12) are given in 
Table 8-2. The elements Ca, Sr, Ba, and Ra are also highly electropositive form- 
ing +2 ions. Systematic group trends are again shown, for example, by increasing 
1nsolubilities of sulfates, increasing thermal stabilities of carbonates or nItrates, 
and decreasing hydration energies of the ions in solution. 

The elements Zn, Cd, and Hg are in Group HB(12) and have two s electrons 
outside filled đ shells, since they follow Cu, Ag, and Au, respectively, after the 
first, second, and third transition series elements. The chemistries of Zn and Cd 
are quite similar, but the polarizing power of the M?” ions is larger than would 
be predicted by comparing the radii with those of the Mg to Ra group. This can 
be associated with the greater ease of distortion of the filled đ shell compared 
with the noble gas shell of the Mg to Ra ions. Both Zn and Cd are quite elec- 
tropositive, resembling Mg in their chemistry, although there is a greater ten- 
dency to form complexes with NHạ, halide ions, and CN-. 

Mercury is unique. It has a high Øøøs220e potential, and the Hg?* ion does œø 
resemble ZnŸ* or CdẺ*. For example, the formation constants for, say, halide lons 
are orders oŸ magnitude greater than for Cả”. Mercury also readily forms the 
dimercury ion, which has a metal-metal bond (*Hg—Hg'). 


Groups lIIA(3) and IIIB(13) 


Some properties of the elements in Groups IHA(3) and IIB(13) are given in 
Table 8-3. This group is quite large, since it contains the Group IHA(3) elements, 


Toble 8-Ï Some Properties of Group IA(1) Elements 


lonization 
Electron lonc - Enthalpy 
Element Configuration mnp (°Ö) Radius (A) J5" (ÀW))" (k] mol") 


Li [He]9s! 180 0.90 =: 520 
Na [Ne]3s! 98 1.16 `. 496 
K [Ar]4s! 64 1.59 ho) 419 
Rb [Kr]5s! 39 1.66 —3.0 403 
Œs [Xe]6s! 20. 1.81 —3.0 376 
Fr? [Rn]7:! — — — — 


“EFor M (aq) +e  =M(s). 
“All isotopes are radioactive with short halflives. 
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Table 8-2 Some Properties of Group IIA(2) and IIB(19) Elements 
—_— 1... . 6... <7 — 


lonic 
Electron Radius AH(k] mol) for 
Element Configuration mp (°C) M°?? (Ả) J0 (ÀY/))S M(g) — M”'(g) +2” 
Be [He]2# 1280 0.59 —1.85 2657 
Mg [Ne]3 650 0.86 2.37 2188 
Ca [Ar]4° 840 1.14 2.87 1735 
Sr [Kr]5.° 770 15/2 —2.89 1609 
Ba [Xe]6# 725 1.49 —2.90 1463 
Ra [Rn]7 700 1.62 2.92 1484 
Zn [Ar]34!°4# 420 0.88 ~0.76 2632 
Cd [Kr]44!55 ® 320 0.92 0.40 2492 
Hg [Xe]4/'454'°6 _—39 1.16 +0.85 2805 


— CC... Ô. . CN sẽ li 
“For M*(aq) +2 e =M(). 


Sc, Y, La, and Ác, and the Group HIB(13) elements, A" .]di- 
tion, all of the lanthanide elements could be include .. .RiStTY 1S 
similar to that o£ the Group IHA(3) elements. 

However, we consider the lanthanides separately because of their special po- 
sidon in the periodic table. Notice that in the Sc to Ac group the three valence 
electrons are đ' compared with sÈ/! for the AI to TI group. Despite this occu- 
pancy of the đ levels, the elements show no transition metal-like chemistry. Th 
clements are highly electropositive metals, and their chemistry is primaril:, 
Of the +3 lons that have the noble gas configuration. 

Scandium with the smallest ionic radius has chemical behavior Int€+mediare 
between that of AI, which has a considerable tendency to covalent bond fu¡ ina- 
tion, and the mainly ionic natures of the heavier elements. ` 

The elements Ga, In, and TI, like AI are borderline between Ionic and cova- 
lent in compounds, even though the metals are quite electropositive and they 
form M”* ions. 


se 
One 


Table 8-3  Some Properties of the Group IHA(3) and IIB(13) Elements \ 
mm. ...11...ố... ..ốẽ...-....c..ốD.. 


Electron 575...... 
Element Configuration mp (*C) Radius (Ả)“ EWV)” 

SỐ [Ar]34'4s> 1540 0.89 —1.88 
Y [Kr]4đ#'5 1500 1.04 -2.37 
La [Xe]54'6s° 920 1505 =2 
Ac? [Rn]6đ'7z 1050 I1 =.o 

AI [Ne]33”' 660 0.68 —1.66 
Ga [Ar]3đ4'°434p 30 0.76 -0.53 
In [Kr]4đ'°5s°5ø' 160 0.94 —0.34 
30 [Xe]4/'54'°6#6p 300 1.03 +0.72 

—————————-=—c`‹  .." étứằề,.j..ú. 


“For MẺ'. 
“For M(aq) + 3e =M(). 


'Tsotopes are all radioactive. 
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The +] state becomes progressively more stable as the group is descended, 
and for TI the TI-TI”" relationship is a dominant factor of the chemistry. The 
OCCurrence of an oxidation state two units below the group valence is sometimes 
attributed to the z„rt ar effect, which first makes itself evident here. It could be 
considered to apply in the low reactivity of Hg, but ït is more pronounced still in 
Groups IVB(14) and VB(15). The term refers to the resistance of a pair of s elec- 
trons to be lost or to participate in covalent bond formation. Thus HE 1s difficult 
to oxidize, allegedly because it contains only an inert pair (63), TÌ forms TỪ 
rather than Tử" because of the inert pair in the valence shell (6”6ø), and so on. 
The concept of the inert palr tells us little, 1ƒ anything, about the ultimate rea- 
sons for the stability of lower oxidation states. Ít 1s a useful label. 


Group IVB(14) 


Some properties o£ the Group IVB(14) elements are given in Table 8-4. Note 
¿+2 restrict our attention to Group IVB(14), since Group IVA(4) comprises 
—¬netals Tỉ, Zr, and Hf, whose chemistry we shall consider separatelÌy. 

_34s true for the remaining Groups VB(15)-VIB(17). 

“more striking an example of the enormous điscontinuity in 
proper. ---‹:een the elements of the frst and second short periods (followed 
by a relatively smooth change toward metallic character for the remaining mem- 
bers of the group) than that provided by Group IVB(14). Carbon is nonmetallic, 
as 1s silicon, but little o£ the chemistry o£ silicon can be inferred from that oŸ car- 
bon. Germanium is much like silicon, although it shows much more metallic be- 
havior in its chemistry. Tìn and lead are metals, and both have some metal-like 
chemistry, especially in the divalent state. 

The main chemistry in the IV oxidation state for all the elements is essen- 
tially one that involves covalent bonds and molecular compounds. Iypical ex- 
amples are GeCl¿ and PbEt,. There is a decrease in the tendency to cø/enation, 
which is a feature of carbon chemistry, in the order C > Si > Ge = Šn ~ Pb. Thịs 
is partly due to the diminishing strength of the C—C, Si—Si, and the like, bonds 
(Table 8-4). Generally, the strengths of covalent bonds to other atoms decrease 
in going from Ê to Pb. 

Now let us look at the đ?0øizz sía#e. Although in CO the ðx24afzøn state o£ C 
is formalh taken to be two, this 7s only a formalism and carbon uses more than 
two valence electrons in bonding. True divalence is found only in earenés (€-E., 
:CF;), and these species are very reactive due to the accessibility of the sỹ” hy- 
bridized lone pair. The divalent compounds o£ the other Group IVB(14) ele- 


Table 8-4  Some Properties of Group IVB(14) Elements 


Electron Covalent SelfFBond 
Element Configuration mp (°€) Radius (Ả) Energy (k] mol”) 
C [He]272/? >3550 0.77 356 
Si [Ne]33/ 1410 L1ý 210-250 
Ge [Ar]3đ'°424/? 940 +2 190-210 
Šn [Kr]4đ'°5°57? 232 1.40 105-145 
Pb [Xe]4ƒ15d'°65°6#” 327 lưới — 


-.Ẻ -—..ốỐẽ . 7. ẽẽ ẽẻ TỐ CC CN 
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ments can be regarded as carbene-like in the sense that they are angular with a 
lone pair and can readily undergo an oxidative addiuon reaction (see also 
Chapter 30) to give two new bonds to the element, for example, 


TC ^ 
Gnẽẽ" Y= 
R 


The increase in stability of the divalent state cannot be attributed to 1on1za- 
tion energies as they are very similar in all cases. Factors that doubdess govern 
the relative stabilities are (a) promotion energies, (b) bond strengths in covalent 
compounđs, and (c) lattice energies in ionic compounds. 

For CH¡, the factor that stabilizes CH¿ relative to CH; + H; despite the much _ 
higher promotional energy required in forming CH¡ is the great strength of 
C—H bonds. If we now have a series Of reactions 


IV 


C (811.1) 


R 
TH 
2. 

RE 4... 


MX; + X;= MX, (8-11.9) 


in which the M—X bond energies are decreasing, as they do from Sĩ — Pb, then 

it is possible that bond energy may become too small to compensate for the 

MP—MỲỶ promotion energy, and MX; becomes the more stable compound. 
The change in this group is shown by the reactions: 


GeCl, + Cl; = GeCL (Very rapid at 25 °C) (8-11.3) 

SnCl; + Cl, = SnCH¿ (Slow at 25 °C) (8-11.4) 

PbCI; + C1; = PbÓI, (Only undđer forcing conditions)  (8-11.5) 

In addition, PbCl¿ decomposes readily, while PbBr¿ and Pbl¿ do not exist, prob- 
ably because of the reducing power of Br” and Ƒ. 

Ít 1s dificult to gIve any rigorous argument on lattice energy effects, since 


there is no evidence for the existence of MỸ ions and Pbể” ions are found in only 
a few compounds. 


Group VB(15) 


Some properties of the Group VB(15) elements are given in Table 8-5. Like ni- 
trogen, phosphorus 1s essentially covalent In all its chemistry, but arsenic, anti- 
mony, and bismuth show increasing tendencies to cationic behavior. Although 
electron gam to achieve the electronic structure of the next noble gas is con- 


Table 8-5 Some Propertics of Group VB(15) Elements 


Electron Covalent lonic 
Element Configuradon mp ( “C) Radius (Ả) Radius (Ả) 
P [Ne]33/” 44 1.10 20) LÀN v200) 
As [Ar]3đ'°44”' 814 (36 atm) 1.21 == 
Sb [Kr]4đ'°5°5ø' 603 1.41 0.90 (SbŸ”) 


Bi [Xe]4/''5d'°6ý6ø° 271 I2 lội (00D). ) 
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ceivable (as in NỶ”), considerable energlies are Involved so that anionic com- 
pounds are rare. Similarly, loss of valence electrons is difficult because of high 
lonizadon energies. There are no +ð ions and even the +3 ions are not simple, 
being SbO” and BiO”. Bismuth trifluoride (BiF;) seems predominantly ionic. 

The increasing metallic character is shown by the oxides that change from 
acidic for phosphorus to basic for bismuth, and by halides that have increasing 
lonIc character. 


Group VIB(1ó) 


Table 8-6 gives some properties of the Group VIB(16) elements. The atoms of 
this group form compounds that feature: 


1. The chalcogenide ions (e.g., S” or Se”) in salts of highly electropositive 
elements. 


2. 1wo electron-parr bonds, as in H;S or SeC]. 


©9 


. Anlons containing one bond, asin HS”. 

4. Monocations containing three covalent bonds, as in sulfonium cations 
(R;S”). 

5. Compounds in which the Group VIB(16) element has the IV or VĨ oxi- 

dation state, with four, five, or six covalent bonds, as for SeC1¿, SeFz, and 

TeFs. 


We have already pointed out that, from top to bottom In the group, atomic 
Size increases and electronegativity decreases. Also, the general trend down the 
group Is for 

1. Decreasing stability of the hydrides (H;FE). 


2. Increasing metallic character of the elements themselves. 


3. Increasing tendency to form anionic complexes such as SeBrỷ, TeBr§, 
and PoIỆ. 


Group VIIB(17) 


Some properties of the Group VIIB(1I7) elements are given in Table 8-7. The 
halogen atoms are only one electron short of the noble gas configuration, and 
thế elements form the anion X~ or a single covalent bond. Their chemistry 1s 
completely nonmetallic. The changes in behavior with increasing size are pro- 
gressive and, with the exception of the Li-Cs group, there are closer similarities 
within this group than ¡in any other in the periodic table. 


Table 8-6 Some Properties of Group VIB(16) Elements 


Electron Covalent. lonic (X”) 

Element Configuration mp (“€) Radius (A) Radius (A) 
S) [Ne]3s”3// 119 1.03 1.70 
Sẽ [Ar]3đ'°4s°4/? 2: lại 1.84 
NHI [Kr]4đ'°5s°5/° 450 J7 2.07 


Po_ [Xe]l4ƒ'“5đ!96s6øt 954 = 9.30 


2óó 
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Table 8-7  Some Properties of Group VIIB(17) Elements 


Electron Radius Covalent 
Element Configuration mp (*C) bp CC) X-(A) Radius (A) 
F [He]2s?2” -233 —118 1.19 0.54 
Cl [Ne]3:s?3° —103 —34.6 1.67 0.97 
Br [Ar]34'94s°47” _—7.2 58.8 1.82 1.14 
1 [Kr]4đ'95s®5ø” 113.5 184.3 2.06 1.33 
At [Xe]4ƒ'*5 3'°6s°6ø” — —- — = 


“AI isotopes are radioactive with short halflives. 


The halogens can form compounds in higher formal oxidation states, 
mainly in halogen fluorides, such as CIE;, CIF;, BrE;, and IF; and oxo com- 
pounds. 

No evidence exists for cationic behavior with ions of the type X”. However, 
Brỷ, I, C12, and Br$ and several iodine cations are known. When a halogen forms 
a bond to another atom more electronegative than itself (e.g., ICl) the bond will 
be polar with a positive charge on the heavier halogen. 


The Transition Elemenis of the đ and f Blocks 


The transiion elements may be stricty defined as those that, œs ølzmenis, have 
partly fñlled đ or ƒshells. We adopt a broader definition and also include ele- 
menis that have partly filled đ or ƒshells ?m combøwunds. Thìs means that we treat 
the c0wage mnefals, Cu, Ag, and Au, as transition metals, since Cu” has a 3đŸ con- 
figuraton, Ag” has a 4đ” confguration, and Au”" has a 5đŸ configuration. 
Appropriately, we also consider these elements as transition elements because 
their chemical behavior is quite similar to that of other transition elements. 

There are thus 6] transition elements, counting the heaviest ones through 
atomic number 109. Those through number 104 have certain common proper- 
ties: 


1. They are all metals. 


2. They are practically all hard, strong, high-melting, high-boiling metals 
that conduct heat and electricity well. 

3. They form alloys with one another and with other metallic elements. 

4. Many of them are sufficilently electropositive to dissolve in mineral acids, 
although a few are “noble”; that is, they have such low electrode poten- 
tials that they are unaffected by simple acids. 

5. With very few exceptlons, they exhibit variable valence, and their ions 
and compounds are colored in one 1£ not all oxidation states. 


6. Because of partially filled shells they form at least some paramagnetic 
compounds. 


Thịs large number of transitlon elements 1s subdivided into three main 
groups: (1) the main transitlon elements or #block elements, (2) the lanthanide 
elements, and (3) the actinide elements. 

The main transiton group or đ block includes those elements that have par- 
tially fñilled ¿ shells only. Thus, the element §c, with the outer-electron configu- 
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ration 433đ, is the lightest member. The eight succeeding elements (the ƒzs/ 
transtton seri¿s) TI, V, Cr, Mn, Fe, Co, Ni, and Cu, all have partly filled 3đ shells 
either in the ground state of the free atom (all except Cu) or in one or more of 
their chemically important ions (all except Sc). At Zn the configuration is 
3đ!°4sẺ, and this element forms no compound 1n which the 3đ shell is lonized, 
nor does this lonization occur in any of the next nine elements. lt is not until we 
come to yttrium, with a ground-state outer-electron configuration 524đ, that we 
meet the next transition element. The following eight elements, Zr, Nb, Mo, Tc, 
Ru, Rh, Pd, and Ag, all have partially fñlled 4đ shells, whether in the free element 
(all but Âg) or in one or more of the chemically important Ions (all but Y). This 
øroup o£ nine elements constitutes the sec0wd transition series. 

Again, a sequence of elements follows in which there are never đ-shell va- 
cancies under chemically significant conditions until we reach the element La, 
with an outer-electron configuration in the ground state of 6s?5đ. Now, if the pat- 
tern we have observed twice before were to be repeated, there would follow 8 el- 
ements with enlarged, but not complete, sets of 5đ electrons. This does not hap- 
pen, however. The 4ƒshell now becomes slightly more stable than the 5đ shell 
and, through the next 14 elements, electrons enter the 4ƒshell until, at Lu, it be- 
comes filled. Lutetium thus has the outer-electron configuration 4/”“5 đ6s°. Since 
both La and u have partially ñlled đ shells and no other partially fied shells, it 
might be argued that both of them should be considered as #block elements. 
For chemical reasons, however, it would be unwise to classify them ïn this way, 
since all of the 15 elements La (Z= 57) through Iu (Z= 71) have very similar 
chemical and physical properties, those of La being In a sense prototypal; hence, 
these elements are called the /znthazdss. 

The shielding of one ƒelectron by another from the effects of the nuclear 
charge is quite weak because of the shapes of the ƒorbitals. Hence, with increas- 
ing atomic number and nuclear charge, the effective nuclear charge experi- 
enced by each 4ƒelectron increases. This increase causes a shrinkage In the radii 
of the atoms or ions as one proceeds from La to Lu (see Table 26-1). This accu- 
mulation of successive shrinkages 1s called the iznúham¿de confracfion. Ít has a pro- 
found effect on the radii of subsequent elements, which are smaller than might 
have been anticipated from the increased mass. Thus Zr“” and Hf* have almost 
identical radii despite the atomic numbers o£ 40 and 72, respectiveÌy. 

For practical purposes, the fÖzd íranston $eres begins with H, having the 
ground-state outer-electron configuration 6s?5đ, and embraces the elements 
Ta, W, Re, Os, Ir, Pt, and Au, all of which have partially flled 5 đ shells in one or 
more chemically important oxidation states as well as (excepting Âu) in the neu- 
traÏl atom. 

Continuing on from Hg, which follows Âu, we come via the noble gas Rn and 
the radioelements Fr and Ra, to Ác, with the outer-electron configuration 73ˆ°6d. 
Here, by analogy to what happened at La, we might expect that in the following 
elements electrons would enter the 5ƒorbitals, producing a lanthanide-like serles 
of 15 elements. What actually occurs is not as simple. Although, immedliately fol- 
lowing La, the 4ƒorbitals become decisively more favorable than the 5đ orbitals 
for the electrons entering in the succeeding elements, there is apparently not so 
great a difference between the 5ƒ and 64 orbitals until later. Thus, for the ele- 
ments immediately following Ac, and their ions, there may be electrons in the 5ƒ 
or 6đ orbitals, or both. Since it appears that later on, after 4 or 5 more electrons 
have been added to the Ac configuration, the 5ƒorbitals do become the more 
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stable, and since the elements from about Am on show moderately homologous 
chemical behavior, it has become accepted practice to call the 15 elements be- 
ginning with Ác the zcfzmde elzmens. 

There is an important distinction, based on electronic structures, between 
the three classes of transition elements. For the #block elerments the partially 
fñiled shells are đ shells: 3đ, 4đ, or 5đ. These đ orbitals proJect welÏ out to the pe- 
riphery of the atoms and ions so that the electrons occupying them are strongÌy 
infuenced by the surroundings of the ion and, in turn, are able to influence the 
environments very significantly. Thus, many of the propertles oŸ an ion with a 
partly ñlled đ shell are quite sensitive to the number and arrangement of the đ 
electrons present. In marked contrast to this, the 4ƒorbitals in the lanthanide el- 
ements are rather deeply buried in the atoms and ions. The electrons that oc- 
cupy them are largely screened from the surroundings by the overlying shells 
(6s, 5ø) of electrons, and therefore reciprocal interactions o£ the 4ƒ electrons 
and the surroundings of the atom or the ion are of relatively little chemical sig- 
nificance. This explains why the chemistry of all the lanthanides is so homolo- 
gous, whereas there are seemingly erratic and irregular variations in chemical 
properties as one passes through a series of #block elements. The behavior of 
the actinide elements lies between those of the two types described previousÌy, 
because the 5ƒorbitals are not as well shielded as are the 4ƒ orbitals, although 
they are not as exposed as are the đ orbitals in the #block elements. 


STUDY GUIDE 


Scope and Purpose 


'W©e have examined the periodic table and the positions of the elements in it, tak- 
¡ng the opportunify to compare and contrast the properties of the elements in 
their uncombined states, as well as the various tendencies of the elements to 
form particular types of compounds. The student should especially note the 
highly useful and systematic manner in which the electron configurations of the 
elements correlate with the posItlons o£ the elements in the periodic table, and 
with the properties of the elerments and their typical compounds. 


Study Quesiions 


A. Review 


1. Which elements are (at 25 °C and 1 atm pressure) 

(a) gases (b) liquids (c) solids melting below 100°C? 
2. Why is white phosphorus much more chemically reactive than black phosphorus? 
Draw the structure of the most stable form of sulfur. 


4. Draw the structure for carbon in (a) điamond and (b) graphite. What is the nature 
of C—C bonding in the two allotropes? 


ki 


5. Write down the electronic structures of the elements of the first short period, then 
answer the following questions. 


(a)  What is the first ionization energy of Li (approximately)? 
(b) Why does Be not form a 3+ ion in solids? 
(c) Why is there a discontinuity between the ionization energy of NÑ and O? 
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13. 


14. 
15. 
16. 


17. 


18. 
19. 
20. 
ÔN: 
Tiết 


(d) How do the electron attachment energies vary from L1 to F? 

(e) Which of the elements can form anions? 

Why ¡s dinitrogen normally unreactive? 

What is the octet rule? Why does it apply strictly only to elements of the first short pe- 
riod? 

What are Lewis acids and Lewis bases? Give two examples of each. 

Why is there no silicon analog of graphite? 


._ What are the main trendđs in properties of the alkali metals? 
.-_ List the elements of Groups HA(2) and IB(12). Compare their main chemical fea- 


tures. 


„_ GIive the electronic structures of 


SC mg ¿ lị 
X. đmjL 
lỗ ng lì 


Why are there 14 other elements between La and Hf? 

How do the following elements attain the noble gas confguration? 
(a) N (Œb) 5 

Why are Cu, Ag, and Au considered as transition metals? 

List the common features of transition metals. 


What are the main groups of transition metals? Write out their names and give the 
electronic structures of the first, the middle, and the last. 


What is an icosahedron? For which element is it the most characteristic structural fca- 
ture? 

What are the principal properties and structural types o£ the metals? 

On what electronic processes does the chemistry o£ hydrogen depend? Explain. 
Why is carbon unique in forming chains of single bonds in compounds? 

What is the lanthanide contraction and what is its main effect? 

What are the actinide elements and what relation do they bear to the lanthanide ek- 
ements? 


B. Addiftiondl Exercises 


1. 


r5 
3. 


4. 


5, 


6. 


1. 


Use MO theory to explain the bonding in N;, O;, and E;. Why is oxygen paramag- 
netic? 

. Why is the bond energy of F; much less than that of CI];? 

Correlate the Lewis diagrams in the compounds “BH;," CH¿, NHạ, OH:;, and HE with 
their chem"stries. 

Predict the products of the following acid-base reactions: 


(a) BFy+F” (e)_ NazO + HạO 
(b) BF; + N(CH;); (f)_ SO,+ HạO 
(c) Ni(CN)+CN"_  (g) SOa+H,O 


(d) AICI; + Cl” 

Make diagrams of the đ#-øm bonds in CI;PO, CI;SO, SO,, SOZ, CIO;, CO4, and 
PO”. Start by drawing the Lewis diagram for each and then designate the ø7-donor 
atoms (and their donor orbitals) and the đ-acceptor atoms (and their acceptor or- 
bitals). 

Why is CHạ unstable while PbCl; is stable? Compare also the stabilies of GeCl, and 
SnGl:. 

Why are the chemical consequences of partially filled ở orbitals so much more pro- 
nounced for the #block elements than the consequences of partially filled ƒorbitals 
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for the ƒ-block elements? 

8. Preview the material of Sections 13-3 and 13-3, and use this information together 
with the material of Chapter 8 to make a list of periodic trends in chemical proper- 
ties among the oxides of the elements o£ Group HIB(13). 

9. Repeat Question 8in part B for the halides of the elements of Group IIB(13), using 
Chapter 8 and the material of Sections 12-4 and 13-4. 

10. Repeat Question 8in part B for the oxides of the elements of Group IVB(14), using 
the material of Chapter 8 and Secuons 1+3, 1+4, and 15-5. 

11. Repeat Question 8in part B for the hydrides of the elements o£ Group VB(15), using 
the material of Chapter 8 plus that of Sections 16-4 and 17-3. 

12. Repeat Question 8in part B for the halides of the elements of Group VB(15), using 
information from Chapter 8 plus Sections 16-8 and 17-4. 
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HYDROGEN 


Introduction 


Hydrogen (not carbon) forms more compounds than any other element. For 
this and other reasons, many aspects of hydrogen chemistry are treated else- 
where in this book. Protonic acids and the aqueous hydrogen ion have already 
been discussed in Chapter 7. This chapter examines certain topics that most log- 
Ically should be considered at this point. 

Three isotopes of hydrogen are known: 'H, ?H (deuterium or D), and ”H 
(triium or T). Although isotope effects are greatest for hydrogen, Justifying the 
use Of đistinctive names for the two heavier isotopes, the chemical properties of 
H, D, and T are essentially identical, except in matters such as rates and equilib- 
rium constants of reactions. The normal form of the element ¡s the diatomic 
molecule; the various possibiliuies are H;, D;, T;, HD, HE, DT. 

Naturally occurring hydrogen contains 0.0156% deuterium, while triium 
(formed continuously in the upper atmosphere in nuclear reactions induced by 
cosmic rays) occurs naturally in only minute amounts that are believed to be of 
the order of 1 in 10!” and is radioactive (B", 12.4 years). 

Deuterium, as D;O, is separated from water by fractonal đistillation or elec- 
trolysis and is available in ton quantities for use as a moderator in nuclear reac- 
tors. Deuterium oxide ¡s also useful as a source o£ deuterium 1n deuterium- 
labeled compounds. 

Molecular hydrogen is a colorless, odorless gas (fp 20.28 K) virtually insolu- 
ble in water. It is most easily prepared by the action of dilute acids on metals sụch 
as Zn or Fe, and by electrolysis of water. 

Industrially, hydrogen ¡is obtained by the so-called steam reforming of 
methane or light petroleum over a promoted nickel catalyst at about 750 °C. The 
pTOC€SS 1S complicated, but the main reaction, 1llustrated with methane, is given 
in Reaction 9-]1.]. 


CH, + Hạ,O = CO +3 H, (9-1.1) 


The mixtures of CO and H; that are produced in Reaction 9-1.1 are called syn- 
thesis gas, or “syngas.” Synthesis gas can now also be produced from trash, 
sewage, sawdust, scrap wood, newspapers, and so on. The production oÝ syngas 
from coal is termed “coal gasification.” 

When desired, the proportion of hydrogen in synthesis gas mixtures can be 
increased by use of Reaction 9-1.2. 


CO+H,O=CO,+H,  AH=-42 kj mol (9-1.2) 
2/7 
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This is the water-gas shift reaction, which proceeds either at relatively high tem- 
peratures (280-350 °C) using an iron-chromate type catalyst, or at lower tem- 
peratures using copper-containing catalysts. The carbon dioxide side product Is 
removed by scrubbing with arsenite solutlon or ethanolamine, from which it 1s 
recovered for other uses, suụch as the manufacturing of dry ice. The remaining 
small anounts of CO and CO; impurities (which may act as unwanted poisons 
in subsequent chemical uses of the hydrogen) are catalytcally converted to 
methane (which is usually innocuous) according to Reactions 9-1.3 and 9-1.4. 


CO + 3 Hạ = CH¿ + HạO (9-1.3) 


CO. + 4 H; = CH, + 2 HO (9-1.4) 


In addition to is use for hydrogen and carbon monoxide production, syn- 
thesis gas is used directly in large-scale catalyzed syntheses of methanol (Chapter 
30), and of higher alcohols (e.g., ethanol), as shown in Reaction 9-].5: 


2CO+4H, —> CH;CH,OH + H,O (9-1.5) 


or 2-ethylhexanol. 
Hydrogen is not an exceptionally reactive element at low temperatures, be- 
cause the bond dissociation energy of the molecule is considerably endothermic. 


Hạ=^2H AH= 434.1 k] mol" (9-1.6) 
Hydrogen burns in air to form water, and it wïll react explosively with oxygen 
and with halogens under certain conditions. At high temperatures, hydrogen øas 
will reduce many oxides to lower oxides, as in Reaction 9-l.7.. 


It is also useful for the complete reduction of many metal oxides to the metals, 
as shown in Reactions 9-1.8 through 9-1.10. 


MO,+2Hạ—> M+9H,O (9-1.8) 
M;O; +3 Hạ —> 9M+3H,O (9-1.9) 
MO+H, —> M+H,O (9-1.10) 


In the presence ofiron or ruthenium catalysts at high temperature and pressure, 
H; will react with N; to produce NH;. With electropositive metals and most 
nonmetals, hydrogen forms hydrides, as we shall discuss in Section 9-6. 
Hydrogen serves as a reducing or hydrogen-transfer agent for a variety Of Or- 
ganic and inorganic substances, but a catalyst is required in most cases. The re- 
duction of alkenes to alkanes by hydrogen over Pt or Ni is a typical example. 


The Bonding of Hydrogen 


The chemistry of hydrogen depends mainly on the three electronic processes 
đdiscussed in Chapter 8: (1) loss of a valence electron to give H”, (2) acquisiion 
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of an electron to give H7, and (3) formation ofa single covalent bond, as in CH¡. 

However, hydrogen has additional unique bonding features. The nature of 
the proton and the complete absence of any shielding of the nuclear charge by 
electron shells allow other forms of chemical activity that are either unique to hy- 
drogen or particularly characteristic o£it. Some of these are the following, which 
we shall discuss in some detail subsequently. 


1. The formation of numerous compounds, often nonstoichiometric, 
with metallic elements. These compounds are generally called hydrides but 
cannot be regarded as simple saline hydrides (Section 9-6). 

2. The formation of hydrogen bridge bonds in electron-deficient com- 
pounds (e.g., Structure 9-I) and transition metal complexes (e.g., Structure 
9-TI). 


_ O : o 
H C C 
ÑWØ22xuoư¿ lỄ |⁄ 
-B €OC—Cr—>H—Cr—CC) 
7 ` ` =j na 
DỆ C 
Co s6) sẻ 
9-J 9-1 


A classic example of bridge bonds is provided by diborane (Structure 9-l) 
and related compounds (Chapter 12). The electronic nature of such bridge 
bonds was discussed in Chapter 3. 

3... The hydrogen bond is important not only because It is essential to an 
understanding of much other hydrogen chemistry, but also because ït is one of 
the most intensively studied examples of intermolecular attraction. Hydrogen 
bonds generally dominate the chemistry of water, aqueous solutions, hydroxylic 
solvents, and OH-containing species and are o£ crucial importance in biologi- 
cal systems, since they are responsible for the linking of polypepuide chains in 
proteins and the base pairs of nucleic acids. 


The Hydrogen Bond 


When hydrogen is bonded to another atom X, mainly E, O,N, or CI, such that 
the X—H bond is quite polar, with H bearing a partial positive charge, it can in- 
teract with another negative or electron-rich atom Y, to form what ¡s called a hy- 
drogen bond (H bond), written as 


X—H--Y 


Although the details are subject to variation, and controversy, ¡t is generally con- 
sidered that typical hydrogen bonds are due largely to electrostatic attraction of 
H and Y. The X—H distance becomes slightly longer, but this bond remains es- 
sentially a normal two-electron bond. The H---Y distance is generally much 
longer than that of a normal covalent H—Y bond. 

In the case of the very strongest hydrogen bonds, the X-::Ÿ distance be- 
comes quite short and the X—H and Y---H distances come close to being equal, 
In these cases there are presumably covalent and electrostatic components In 
both the X—H and Y—H bonds. 
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Experimental evidence for hydrogen bonding came first from comparisons 
of the physical properties of hydrogen compounds. The apparently abnormally 
high boiling points of NH;, HạO, and HF (Eig. 9-1) are classic examples which 
imply association of these molecules in the liquid phase. Other properties such 
as heats of vaporization provided further evidence for association. Although 
physical properties reflecting associatdion are still a useful tool in detecung hy- 
drogen bonding, the deeper understanding of H bonds and the determination 
of their parameters comes from X-ray or neutron diffracdon of solids, and from 
other techniques, notably ion cyclotron resonance, NMR, IR, and Raman spec- 
troscopies, and calorimetry. 

Structural evidence for hydrogen bonds is provided by the X---Y distances, 
which are shorter than the expected van der Waals contact when a hydrogen 
bond exists. For instance, in crystalline NaHCO; there are four kinds of O-- :.O 
distances between HCO; ions with values of 3.12, 3.15, 3.19, and 2.55 Ả. The first 
three are about equal to twice the van der Waals radius of oxygen, but the last 
one indicates a hydrogen bond, O—H---O. When an X—H group enters into 
hydrogen bonding, the X—H stretching band in the IR spectrum ¡is lowered in 
frequency, broadened, and increased in integrated intensity. 

The enthalpies of hydrogen bonds are relatively small in most Instances: 
20-30 kJ molF1, as compared with covalent bond enthalpies of 200 kJ mol”, and 
up. Nevertheless, these weak bonds can have a profound effect on the properties 
and chemical reactivity of substances in which they occur. Thịs effect is clearly 
seen from Eig. 9-1, where water would boiïl at about —100 “C instead of +100 °C 
1f hydrogen bonds did not play their role. Obviously, life itself (as we know it) de- 
pends on the existence of sụch weak hydrogen bonds. 

However, there are also strong and very strong hydrogen bonds mainly In- 
volving O and F atoms in cations and anions. The enthalpies are in the ranges 
50-100 and greater than 100 kJ molF`, respectively. The best example of a very 
strong, short bond 1s that in the FHE" anion, where the proton is centered be- 
tween the F atoms that are only 2. 26-Á apart. Similar very short bonds are found 
in [HOHOH]", HGI;, H;O;, (GCH;OH);H", and H;F;. An unusual example in- 
volving nitrogen is the anion [(OO);CrCN—H—NCCr(CO),]. 


J —- 3 4 


Figure 9-Ï  Pcriodic trends in the boiling points of some molecular hydrides, with a 
comparison to the noble øgases. 
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Finally, we can note a rather similar, though different, type o£interaction be- 
tween hydrogen atoms bound to carbon atoms of ligands (e.g., CH; and other 
alkyl type ligands) and the transition metals to which these ligands are com- 
plexed, namely, C—H---M. Such bonds are called agostic, and are identified by 
a sometimes significant lengthening o£ the C—H bond. A few additional exam- 
ples of normal hydrogen bonds involving carbon (C—H--:C, C—H--'M, and 
C—H---C]) and N—H---M have also been characterized. 


lce and Woter 


The structure oÝwater 1s very important since It is the medium in which so much 
chemistry, including the chemistry o£ life, takes place. The structure of ice 1s Of 
interest for clues about the structure of water. There are nine known modifica- 
tions oỀ ice, the stability of each depending on temperature and pressure. The 
ice formed in equilibrium with water at 0 °®C and 1 atm is called ice I and has the 
structure shown in Fig. 9-2. There is an infinite array of oxygen atoms, each tetra- 
hedrally surrounded by four others with hydrogen bonds linking cach pair. 

The structural nature of liquid water is still controversial. The structure 1s 
not random, as found ¡in liquids consisting of more-or-less spherical nonpolar 
molecules; instead, it is highly structured owing to the persistence of hydrogen 
bonds. Even at 90 °C only a few percent of the water molecules appear not to be 
hydrogen bonded. Still, there is considerable disorder, or randomness, as befits 
a liquid. 

In an attractive, though not universally accepted, model o£ liquid water the 
liquid consists at any instant of an imperfect network, very similar to the network 
ofice I, but điffering in that (a) some interstices contain water molecules that do 
not belong to the network but, instead, disturb it; (b) the network is patchy and 
does not extend over long distances without breaks; (c) the short-range ordered 
regions are constantly disintegrating and re-forming (they are “flickering clus 


= 


Figure 9-2 The structure ofice I. Only the oxygen atoms are 
shown. The O---O distances are 2.75 Ä. 
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ters”); and (đ) the network is slightly expanded compared with Ice I. The fact 
that water has a slightly higher density than ice I may be attributed to the pres- 
ence of enough interstitial water molecules to offset the expansion and disor- 
dering of the ice I network. This model of water receives support from X-ray scat- 
tering studies. 


Hydrotes and Woter Clothroates 


Solids that consist of molecules of a compound together with water molecules 
are called #ydzaízs. The majority contain discrete water molecules either bound 
to cations through the oxygen atom or bound to anions or other electron-rich 
atoms through hydrogen bonds, or both, as is shown in Elg. 9-3. In many cases 
when the hydrate is heated above 100 °C, the water can be driven off leaving the 
anhydrơows compound. However, there are many cases where something other 
than, or in addition to, water is driven off. For example, many hydrated chlorides 
give off HCI and a basic or oxo chloride 1s left. 


ScCI,-6H,O —®°?—; ScOCI + 2 HCl(g) + 5H,O(g) (95.1) 


Water also forms materials called øas yđrz/¿s, which are actually a type o£in- 
clusion or clathrate compound. A clathrate (from the Latin clathratus, meaning 
“enclosed or protected by crossbars or gratings”) 1s a substance In which one 
component, the host molecule, crystallizes with an open structure that contains 
holes or channels in which atoms or small molecules of the second component, 
the guest molecule, can be trapped. Many substances other than water, for ex- 
ample #øquinol, CzH,(OH);, urea, and Fe(acac);, can form inclusion com- 
pounds, and a great variety of small molecules can be trapped. 

There are two common gas hydrate structures and both are cubic. In one, 
the unit cell contains 46 molecules of H,O connected to form six medium-size 
and two small cages. This structure 1s adopted when atoms (Ar, Kr, or Xe) or rel- 
atively small molecules (e.g., Cl;, SO¿, or CH;CÏ]) are used, generally at pressures 
greater than ] atm for the gases. Complete filng of only the medium cages by 
atoms or molecules (X) would give a composition X-7.67 H;O, while complete 
filling of all eight cages would lead to X-:Š5.76 H;O. In practice, complete filling 
of all cages of one or both types is seldom attained. These formulas, therefore, 
represent limiting rather than observed compositions; for instance, the usual 
formula for chlorine hydrate ¡s CI;-7.30 H;O. The second structure, often 
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Figure 9-3 Thrce principal ways in which water molecules 
are bound in hydrates: (2) through oxygen to catons, () 
through hydrogen to anions, and (¿) a combination of the pre- 
ceding two. 
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forrmed in the presence of larger molecules of liquid substances (and thus some- 
tìmes called the #gwij hyđra# structure) such as chloroform and ethyl chloride, 
has a unit cell containing 136 water molecules with 8 large cages and 16 smaller 
ones. The anesthetic effect of substances such as chloroform may be due to the 
formation o£ liquid hydrate crystals in brain tissue. The methane clathrate oc- 
CUrS in vast quantites under arctic permafrost. 

A thírd notable class of clathrate compounds, szi/ yđra/øs, is formed when 
tetraalkylammonium or sulfonium salts crystallize from aqueous solution with 
hiịgh water content, for example, [(C;H¿)¿N]Ca¿H;CO;-39.5H¿O or 
[(C,H,);S]F-20 HO. The structures of these substances are very similar to the 
gas and liquid hydrate structures in a general way, although they are differentin 
detail. These structures consist of frameworks constructed mainly of hydrogen- 
bonded water molecules, but apparently also include the anions (e.g., F7) or 
pArts of the anions (e.g., the Ô atoms of the benzoate ion). The cations and parts 
Of the anions (e.g., the C:H;© part of the benzoate ion) occupy cavities in an In- 
complete and random way. 


Hydrides 


Although all compounds of hydrogen could be termed hydrides, not all hydro- 
gen-containing compounds display “hydridic” character. In general, hydridic 
substances are those that either react as hydride ion (H) donors or clearly con- 
tam anionic hydrogen. Thus it is necessary to distinguish hydridic substances 
(e.g., NaH) from those that are either neutral (e.g., CH¿) or acidic (e.g., HOI). 
This distinction between hydrogen-containing substances that are hydridic, neu- 
tral, or acidic runs roughly parallel to the bonding considerations mentioned in 
Section 9-2; that is, hydrogen may be bound in its compounds essentially as (or 
serve, on reaction, as a source of) H, H-, or H”, respectively. It is also, at times, 
convenient to classify the compounds of hydrogen as being 


1. Either lonic or covalent. 
9. Either stoichiometric or nonstoichiometric. 
3. Either binary or complex. 


Among the strictly binary hydrides, Figure 9-4 gives a general idea of the types of 
compounds formed by hydrogen. 


$S%S Tỉ V. Cr Mn Fe Co Ni Ì Cụ zn lGa Ge As se BrÍ Kr 


Y Zr Nb Mo Tc Ru Rh Pd ¡Ag Cd IniSn Sb Te I | Xe 
La-Lu Hf Ta W Re Os Ir Pt lAu Hg TI |Pb Bỉ Po At!Rn 


Fr Ra | Ác U,Pu | 
Saline Transition metal hydrides ! Borderline Covalent  ¡ 
hydrides ! hydrides ¡ hydrides ¡ 


Figure 9-4 A classiication of the binary hydrides. For the transiion elements, in addi- 
tion to the simple binary hýdrides, complex molecules or ions containing M—H bonds are 
also known. 
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Covdlent Hydrides 


The principal covalent hydrides of the nontransition elements wIll be điscussed 
more completely in the appropriate chapters that remain. Briefly, the covalent 
hydrides include 


1. Neutral, binary XH¿ compounds of Group I[VB(14), for example, CH¿. 

2. Somewhat basic, binary XH; compounds of Group VB(15), for example, 
NH; and PH:. 

3. Weakly acidic or amphoteric, binary XH;¿ compounds of Group VIB(16), 
for example, H;S and HO. 


4. Strongly acidic, binary HX compounds of Group VIB(17), for example, 
HCI and HI. 

5. Numerous covalent hydrides of boron, to be điscussed in Chapter L2. 

6. Hydridic, complex compounds o£ hydrogen, two examples of which are 
LiAIH, and NaBH,, which serve as powerful reducing agents despite the 
fact that the AI—H and B—H bonds in these substances are essentially 
covalent In nature. 


The latter two compounds provide an interesting illustraton o£ covalent hy- 
drides that are hydridic. First of all, although the two compounds are ionic 
(being Lï' and Na” salts), the tetrahedral anions in these salts contain essentially 
covalent bonds to hydrogen. Furthermore, the tetrahydroaluminate and tetrahy- 
droborate anions are each hydridic, being formed by the action o£ LIH on Al;Cls 
In ether, as in Reaction 9-6.l: 


8 LH + Al;Cl¿ ——> 2 LIAIH, + 6 LICI (9-6.1) 
and by the action of NaH on diborane, as in Reaction 9-6.2. 
2 NaH + B;Hạ ——> 23 NaBH, (9-6.2) 


Also, cach of the above tetrahydro anions is a powerful hydrogen-transfer agent, 
as shown in Reactons 9-6.3 and 9-6.4. 


9 LiAIH, + 9 SiCL——> 9 SiH, + 9 LiCI + Al,Cl, (9-6.3) 
lạ +9 NaBH,——> B„H, + 9 Nai + Hạ (9-6.4) 


In Reaction 9-6.3, we have the reduction o£ SiCL¿ by LiAIH, to give silane (SïH,), 
whereas in Reaction 9-6.4 we have the classic synthesis of diborane (B;Hạ) by re- 
duction of Ï; using sodium borohydride. 


Sdline Hydrides 


The most electropositive elements, the alkali metals and the larger of the alka- 
line earth metals, react directly with dihydrogen to form stoichiometric hydrides 
having considerable lonic character. These compounds are called the saline 
(saltlike) hydrides. Those of the heavier metals are truly hydridic substances, 
since they are properly considered to contain metal cations and H- ions. 
However, due to the small size and high charge density of the ions of the smaller 
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metals [Be and Mg in Group HA(2) and Lï in Group IA(1)], their hydrides have 
more covalent character, and BeH; is best described as a covalent polymer hav- 
ing Be—H——Be bridges. 

The saline hydrides are Ionic substances, as shown by the facts that (a) they 
conduct electricity when molten, and (b) when dissolved and electrolyzed In 
molten halides, the saline hydrides evolve dihydrogen at the posiduve electrode 
(anode), where oxidaton of H takes place. The ionic nature of the saline hy- 
drides 1s further indicated by theiïr structures. The ionic radius of H” lies be- 
tween that of£E~ and CÌ", and the alkali metal hydrides, LH to CsH, all adopt the 
NaC] structure. The structure of MgH; ¡s the same as that of rutille (Chapter 4), 
whereas CaH;, SrH;, and BaH; adopt a type of PbC]; structure having a slightly 
distorted hcp array. 

The saline hydrides are all prepared by direct interaction of the metals with 
elemental hydrogen at 300-700 ”Ơ, as shown in Reactions 9-6.5 and 9-6.6. 


9 M(6) + Hạ(g) —> 2 MH@) (9-6.5) 
M€() +H;(g) —> MH¿;(s) (9-6.6) 


The rates for Reaction 9-6.5 are in the order Li > Cs > K > Na. The products oŸ 
Reactions 9-6.5 and 9-6.6 are white crystalline solids when they are pure, but are 
usually gray owing to traces of the metals from which they were made. 

All of the saline hydrides decompose thermally to give the metal and hydro- 
gen, although lithium hydride alone ¡s stable to its melting point (688 °Q). Also, 
only LH is unreactive at moderate temperatures towards oxygen or chlorine. 
Because of its relative unreactivity, LH finds practical use only in the synthesis of 
LAIH¿, as in Reaction 9-6. Ì. 

Since they are hydridic, the saline hydrides (except LïH) are quite reactive 
with water and aïr, as shown in Reactions 9-6.7 and 9-6.8. 


MH@) + HạO —> H,(g) + MOH(aq) (9-6.7) 
MH,(s) + HạO — H,(g) + M(OH);(aq) (9-6.8) 


The saline hydrides are powerful reducing or hydrogen-transfer agents, as shown 
in Reactions 9-6.1 and 9-6.2, as well as by Reactions 9-6.9 through 9-6.1]. 


NaH + B(OCH;);——> Na[HB(OCH;);] (9-6.9) 
4 NaH + TiCl,——> Tï0 + 4 NaCl + 9 H; (9-6.10) 
NaH + ROH —> NaOR + Hạ (9-6.11) 


Transiiion Metal Hydrides 


The transition metal hydrides are extremely diverse in their structures and prop- 
erties. The wide variety of transidon metal compounds that contain M——H bonds 
includes stoichiometric binary anions such as [ReHs] ?- and [FeH¿]“; complex 
stoichiometric substances with essentially covalent bonds to hydrogen, such as 
HMn(CO); (to be discussed in Chapter 28) and Re;H;(PR;)¿; as well as non- 
stoichiometric compounds formed by the direct reaction of hydrogen with vari- 
ous transition metals, as described below. 
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Figure 9-5 The two components of the metal-dihydro- 
gen bond in so-called “side-on” dihydrogen complexes. (2) 
Donation of electron density from the Ø-bonding molecu- 
lar orbital of dihydrogen into an empty Ø orbital of the 
metal, and (;) “back-donation” of -electron density from 
a filled đ orbital of the metal into the G* antibonding or- 
bital of the H—H linkage. Both componen(s of the 
M—H; bond weaken the H——H linkage. 


Hydrogen reacts with many transition metals or their alloys on heating to 
gIve exceedingly complicated substances. They are black or grayish-black, non- 
stoichoimetric solids, typical formulas being LaH; ;;, YbH;;;, TTH; ;, and ZrH¡¿. 
UDnder conditions of excess hydrogen, limiting compositions may be achieved, 
but in any given preparation, numerous structural phases may be present, cach 
with 1s own stoichiometric composition. 

A satusfactory theoretical understanding of these substances has not yet been 
developed. Whether the hydrogen is bound in the metal lattice in its hydridic, 
protonic, or molecular form 1s not known. The most straighforward view of the 
compounds is that hydrogen atoms are located in regular interstices between the 
metal atoms, and these substances are therefore sometimes termed the ?/2rti- 
tial hydrides. In thìs fashion, the element palladium (and to a lesser extent Pt) can 
absorb very large volumes of hydrogen, and thus can be used to purifÿ hydrogen. 

niquely, uranium forms a well-defined, stoichiometric hydride by the rapid 
and exothermic reaction of the metal with hydrogen at 250-300 °C to yield a py- 
rophoric black powder, as in Reaction 9-6. |2. 


U17 Ung (9-6.12) 


Uranium hydride (UH;) is of importance chemically because ït is often more 
suitable for the synthesis of uranium compounds than the metal. For example, 
with water it yields UO;, whereas with Cl; and H;S it yields UCl¿ and US;, re- 
spectively. 


Dihydrogen (H;) os q Ligand 


Withim the past decade, it has been shown that the H; molecule can behave as a 
ligand and occupy a place in the coordination sphere around a metal atom. This 
happens only under special circumstances, with metals in low oxidation states. 
The H; molecule takes a “side-on” orientation with respect to the metal, and the 
bonding 1s accomplished by a combination of (a) weak donation of the bonding 
electrons of the H; molecule to an empty Ø orbital of the metal atom and (b) ac- 
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Figure 9-6  Some reactions of hydrogen. 


ceptance of electrons from a filled orbital of the metal atom into the Ø* anti- 
bonding orbital of H;, as shown in Fig. 9-5. Clearly, each of these parts of the 
bonding mechanism weakens and lengthens the H—H bond. Thus, unless con- 
ditons are very delicately balanced, the system tends toward a conventional di- 
hydride, as represented by Structure 9-IV. 


MỸ Ẩ©—> M 


9H 9-IV 


Reqaclion Summory 


As a study aid, the various reactions of hydrogen are illustrated in Fig. 9-6 Rather 
than being a comprehensive list of reactions of hydrogen, Fig. 9-6 ¡s intended 
only to be an overview of the Important types of reactlons that hydrogen is ca- 
pable of undergoing. 
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Study Quesftions 


A. Review 


l 


158. 


14. 


15. 


16. 


What are the three isotopes of hydrogen called? What are their approximate natural 
abundances? Which one is radioactive? 


._ What is the chief large-scale use for DO? 
._What is one thing that helps to explain the relatively low reactivity of elemental hy- 


drogen? 
What are the three principal electronic processes that lead to formation oŸ com- 
pounds by the hydrogen atom? 


When a hydrogen bond is symbolized by X—H---Y, what do the solid and dashed 
lines represent? Which distance is shorter? 


How does hydrogen-bond formation affect the properties of HE, H;O, and NHạ? 
Compared with what? 


._ What is the usual range of enthalpies of a hydrogen bond? 


._ Describe the main features of the structure of ice I. How is the structure o£water be- 


lieved to điffer from that? 
In what two principal ways is water bound in salt hydrates? 


._ Can it safely be assumed that whenever a salt hydrate is heated at 100—120 °C the cor- 


responding anhydrous salt will remain? 


. _ What is the true nature of so-called chlorine hydrate (C1;-7.3 HạO)? 
._ What is a saline hydride? What elements form them? Why are they believed to con- 


tain cations and H” ions? 


Defñne and cite examples of the different types of hydrogen-containing compounds 
that are điscussed in this chapter, listing the distinguishing electronic, structural, and 
reactive characteristics of each cÌass. 


Which are the types of metals that react đirectly with hydrogen to form (a) lonic and 
(b) interstitial hydrides? 

Give an explanation of the structural role o£ water in each of the following types of 
compounds, together with an example ofa specific chemical substance for cach type. 
(a) A hydrated compound. 

(b) A hydrous compound. 

(c) A gas hydrate. 

(đ) A liquid hydrate. 

(e) A salt hydrate. 


How could a nonstoichiometric hydride be made? What metal might one use? How 
could the hydridic character of the product be demonstrated? 


B. Addiiionol Exercises 


.  ĐUBØgØ€st a means of preparing pure HD. 


Ít is believed that the shortest H bonds become symmetrical. How must the conven- 
tional description (X—H---Y) be modlified to cover this situation? 

Which H bond would you expect to be stronger, and why? 

c0-EE|s De LÊ or =1. 

Prepare a qualitative Born-Haber cycle to explain why only the most electropositive 
elements form saline hydrides. 
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10. 


11. 


15, 


15. 


14. 


15. 


16. 


T7. 


Complete and balance the following reactions featuring hydrides: 

(a) CaH; + H;O — 

(b) B;H¿ + NaH —> 

(c) SiCl¿ + LiAIH, to give silane, SiH, 

(d) Al;Cl¿ + LH to give LIAIH, 

The boiling points of the hydrogen halides follow the trend HF(90 °C) > HCI(—85 
*C) < HBr(—67 °C) < HI(—36 °C). Explain. 

The three different aspects of the chemistry of hydrogen can be illustrated by the re- 
activity of water with NaH, CH„,, and HCI. Explain. 


„ Compare the bonding in “BH;” and BCI;. Why is BCl¿ monomeric and “BH:” 


đimeric? 


.‹ _Suggest a synthesis of H;Se and H;,S; of NaBH, and LiAIH„; of HCI and HI; of NaH 


and CaH:. 

Prepare an MO description of the linear and symmetrical hydrogen bond in 
[F —H—F]' using the 1s atomic orbital on the central hydrogen atom and ligand 
group orbitals (formed from appropriately oriented 2ø atomic orbitals) on the two 
fluorine atoms. Prepare the MO energy-level điagram that accompanies these three 
MO and add the proper number of electrons to it. What is the bond order in each 
F—H half? 

Einish and balance the following equations: 

(a) CaH; + HO 

(b) K?+O¿H;OH 

(c) KH+C;H;OH 

(d) UH; + H;O 

(e) ỦH; + H;S 

(Œ) ỦUH; + HƠI 

(Hön¿: Dihydrogen ïs a product of all of these reactions.) 

Suggest a two-step synthesis of lithium aluminum hydride (LiAIH,), using only ele- 
ments and AI;Cl¿. Repeat this for NaBH,, using B;H¿. 

Write balanced equations for the reaction of dihydrogen with sodium, B„H;, calcium, 
lithium, nitrogen, oxygen, and uranium. 

Write balanced equations representing the steam re-forming of ethane, reduction of 
Fe;O; by hydrogen, reaction o£ CaH; with water, and the water-gas shift reaction. 
Draw the unit cell for NaH. What is the coordination number of Na” in this struc- 
ture? 

Review the material of Chapter 4 and draw out a Born-Haber cycle for NaH. After 
considering each step of the cycle, explain what two steps in the cycle give sodium 
(and the other alkali metal hydrides) an advantage over other metals in the forma- 
tion o£ an ionic hydride as opposed to a covalent hydride. 

The gallium analog of LIAIH¿, namely, LiGaH,, is thermally unstable, decomposing 
to LIH and elements. Write a balanced equation to represent this. Why do you expect 
that the same reaction for LIAIH¿ is not observed? 
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THE GROUP IA(1) 
ELEMENTS: LITHIUM, 
SODIUM, POTASSIUM, 
BUBIDIUM, AND CESIUM 


10-1 Iniroduction 


Sodium and potassium are abundant (2.6 and 2.4%, respectively) in the litho- 
sphere. There are vast deposits of rock salt (NaC]) and KCI-MgCI;-6 H;O (car- 
nallite) resulting from evaporation of lagoons over geologic time. The Great Salt 
Lake of Utah and the Dead Sea in Israel are examples of evaporative processes 
at work today. The elements Li, Rb, and Cs have much lower SHMIEBBHBEESD and 
Occur In a few silicate minerals. 

The element Fr has only very short-lived isotopes that are formed in natural 
radioactive decay series or In nuclear reactors. Tracer studies show that the ion 
behaves as expected from the position it holds in Group IA(1). 

Sodium and its compounds are of great importance. The metal, as Na—Pb 
alloy, 1s used to make tetraalkylleads (Secton 29-9), and there are other indus- 
trial uses. The hydroxide, carbonate, sulfate, tripolyphosphate, and silicate are 
among the top 50 Industrial chemicals. 

Potassium salts, usually sulfate, are used in fertilizers. The main use for Lï 1s 
as a metal in the synthesis of lithium alkyls (Secton 29-3). 

Both Na” and K” are of physiological Importance in animals and plants; cells 
probably differentiate between Na” and K” by some type of complexing mecha- 
nism. Lithium salts are used ín the treatment of certain mental disorders. 

Some properties of the elements were given in Table 8-]I. The low 1on1zation 
enthalpies and the fact that the resulting M” ions are spherical and of low po- 
larizability leads to a chemistry of+] ions. The high second 1on1zation enthalpies 
preclude the formation of +2 ions. Despite the essentially ionic nature o£ Group 
LA(1) compounds, some degree of covalent bonding can occur. The diatomic 
molecules of the elements (e.g., Na;) are covalent. In some chelate and 
organometallic cormpounds, the M—O, M—N, and M—C bonds have a shght 
covalent nature. The tendency to covalency 1s greatest for the ion with the great- 
est polarlzing _—_c: that is, Lï'. The charge/radius ratio for Lï”, which is simi- 1 
lar to that for Mg”* , accounts for the similarities in their chemistry, where Lĩ” dif- ˆ % ` 


fers from the other members. << 
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Some other ions that have +l charge and radii similar to those of the alkalis 
may have similar chemistry. The most ImpOrtant ar€ 


1. Ammonium and substituted ammonium ions. The solubilities and crystal 
structures of salts of NH‡ resemble those of K”. 

9. The TH ion can resemble either Rb” or Ag”; its ionic radlus is similar to 
that of Rb*, but it is more polarizable. 

3. Spherical +l complex ions, such as (N -C;Hz)¿@GG“ (GHWpfEf 29). 


Prepdrơtion and Properfies of the Elemenis 


Both Li and Na are obtained by electrolysis of fused salts or o£ low-melung eu- 
tectics such as CaCl; + NaCl. Because of their low melting points and ready va- 
porization K, Rb, and Cs cannot readily be made by electrolysis, but are obtained 
by treating molten chlorides with Na vapor. The metals are purified by distilla- 
tion. The elements Li, Na, K, and Rb are silvery but Cs has a golden-yellow cast. 
Because there is only one valence electron per metal atom, the binding energies 
in the close-packed metal lattices are relatively weak. Hence, the metals are very 
soft with low melting points. The Na—K alloy, with 77.2% K, has a melũng point 
SE l2 3.1.. 

The elements Li, Na, or K may be dispersed on various solid supports, such 
as NasCO; or kieselguhr, by melting. They are used as catalysts for various reac- 
tions of alkenes, notably the dimerizaton of propene to 4+methyl-]-pentene. 
Dispersions in hydrocarbons result from high-speed stirring of a suspension of 
the melted metal. These dispersions may be poured in aïr, and they react with 
water with effervescence. They may be used where sodium shot or lumps would 
react too slowly. 

The metals are highly electropositive (Table 8-1) and react directly with most 
other elements and many compounds on heating. Lithium 1s usually the least, 
and s the most, reactive. 

Lithium is only slowly attacked by water at 25 °C and will not replace the 
weakly acidic hydrogen in C,H,C=SSCH, whereas the other alkali metals wil do 
so. However, L¡ is uniquely reactive with N; (slowly at 25 °O, but rapidly at 400 
°G) forming a ruby-red crystalline nitride (L1ạN). Like Mg, which gives MgạN:, 
lithium can be used to absorb N:. = 

With water, Na reacts vigorously, K inflames, and Rb and Cs react explosively; 
large lumps of Na may also react explosively. The elements L, Na, and K can be 
handled in aïr although they tarnish rapidly. The others must be handled under Ar. 

A fundamental difference, which 1s attributable to cation size, 1s shown by 
the reaction with O¿;. In air (or Ô;) at I atm the metals burn. Lñthium gives only 
LiạO with a trace o£ Li¿O:. Sodium normally gives the peroxide, NazO;, but it wïill 
take up further O; under pressure and heat to give the superoxide, NaO.. The 
elements K, Rb, and Cs form the superoxides MO:. The increasing stability of 
the per- and superoxides as the size of the alkali ions increases is a typical exam- 
ple of the stabilization of larger anions by larger cations through lattice-energy 
cffects, as is explained In Section +6. 

The metals react with alcohols to give the alkoxides, and Na or Kin ethanol 
or f2r(-butanol is commonly used In organic chemistry as a reducing agent and a 
source o£ the nucleophilic RO_ lons. 

Sodium and the other metals dissolve with much vigor in mercury. Sodium 
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amalgam (Na/Hg) is a liquid when low in sodium, but ¡is solid when rich in 
SodIium. It 1s a useful reducing agent and can be used for aqueous solutions. 


Solutions of the Metols in Liquid 
Ammonia and Other Solvenis 


The Group IA(1) metals, and to a lesser extent Ca, Sr, Ba, Eu, and Yb, are solu- 
ble m ammonia giving solutions that are blue when dilute. These solutions con- 
duct electricity and the main current carrier is the solvated electron. While the 
lifetime of the solvated electron in water is very short, in very pure liquid am- 
monia it may be quite long (<1% decomposition per day). 

In diufe soluf2ons the main species are metal ions (M') and electrons, which 
are both solvated. The broad absorpton around 15,000 Ẳ, which accounts for 
the common blue color, is due to the solvated electrons. Magnetic and electron 
spin resonance studies show the presence of individual electrons, but the de- 
Cr€eas€ In paramagnetism with increasing concentration suggests that the elec- 
trons can assoclate to form diamagnetic electron pairs. Although there may be 
other equilibria, the data can be accommodated by the equilibria 


Na(s) (dispersed) ——> Na (in soluton) —=—> Na'+e — (10-3.1) 


25C =6. (10-3.2) 


The most satisfactory models of the solvated electron assume that the electron is 
not localized but is “smeared out” over a large volume so that the surrounding 
molecules experience electronic and orientational polarization. The electron is 
trapped in the resultant polarization field, and repulsion between the electron 
and the electrons of the solvent molecules leads to the formation of a cavity 
within which the electron has the highest probability of being found. In ammo- 
nia this is estimated to be approximately 3.0-3.4 Ä in điameter; this Cavity con- 
cept 1s based on the fact that solutions are of much lower density than the pure 
solvent, that is, they occupy far greater volume than that expected from the sum 
of the volumes of metal and solvent. 

As the concentratilon of metal Increases, metal lon clÏusters are formed., 
Above 3 Ä concentration, the solutlons are copper colored with a metallic lus- 
ter. Physical properties, such as their exceedingly high electrical conductivities, 
resemble those of liquid metals. More is said about this in Section 10-7. 

The metals are also soluble to varying degrees in other amines, hex- 
amethylphosphoramide, OP(NMe;);, and in ethers such as THEF or diglyme, g1v- 
¡ng blue solutions. 

The ammonia and amine solutions are widely used in organic and inorganIc 
synthesis. (Lithium in methylamine or ethylenediamine can reduce aromatic 
rings to cyclic monoalkenes.) Sodium ¡in liquid ammonla 1s the most widely used 
of such reducing agents. The blue solution is moderately stable at temperatures 
where ammonia is still a liquid, but reaction to give the amide (Reaction 10-3.3), 


Na +NH,(©) =NaNH; +š H; (10-3.3) 


can occur photochemically and ¡is catalyzed by transiion metal salts. Thus 
sodium amide is prepared by treatment o£ Na with ammomia in the presence of 
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a trace of iron(HI) chloride. Primary and secondary amines react similarly, ø1v- 
¡ng alkylamides (Reaction 10-3.4), 
Li(s) + CHạNH,() —> LiNHCH;G) +? Hạ (10-3.4) 
and dialkylamides (Reacdon 10-3.5), respectively. 
Li(s) + (C¿H;)¿NH(€) ——> HLăN(C;H;)s(s) + 3 H; (10-3.5) 


The lithium đialkylamides are used to make compounds with M—NR; bonds 
(Section 24-7). 

The formation of the amides of K, Rb, and Cs is reversible owing to the fa- 
vorable potential for halFreacton 10-3.6. 


e+NH¿=NHg;+‡H, K=5x10° - (10-3.6) 


The similar reactions for Li and Na are irreversible, owing to the insolubility o£ 
the latter amides in ammon1a: 


Na†(am) + e (am) + NH;(£) = NaNH;(@s) + š H; Kz3x10 (103.7) 


where am denotes a solution in ammonla. 


COMPOUNDS OF THE GROUP IA(1) ELEMENTS 


10-4 Binory Compounds 


10-5 


The metals of Group IA(1) react đirectly with most other elements to g1ve binary 
compounds or alloys. Many of these compounds are described under the ap- 
propriate element. The most important are the oxides (M;O), peroxides 
(M,O,), and superoxides (MO,). Although all three types can be obtained for 
each alkali metal, indirect methods are often required. The direct reactions of 
the metals with an excess of O; give different products, depending on the metal: 
lithium predominantly forms the oxide, along with traces of the peroxide; 
sodium preferentially forms the peroxide, with traces of the oxide; potassium, 
rubidium, and cesium form superoxides. 

AlI three types of compounds between oxygen and an alkali metal are read- 
ily hydrolyzed: 


Oxids  M,O+H,O =2M'+9OH- (10-4.1) 


Peroxides M,O, + 2 HO =2M*+2OH+H;O; (10-4.2) 
Superoxides 2 MO, + 2 H;O =O, + 2M”+2OH +H;O;, (10-4.3) 


Hydroxides 


These are white, very deliquescent crystalline solids: NaOH (mp 318 °C) and 
KOH (mp 360 °C). The solids and their aqueous solutions absorb CO; from the 
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atmosphere. Hydroxides are freely soluble exothermically in water and in alco- 
hols and are used whenever strong alkali bases are required. 


lonic Solis 


Salts oŸ virtually all acids are known; they are usually colorless, crystalline, ionic 
solids. Color arises from colored anions, except where defects induced in the lat- 
tứce (e.g., by radiation) may cause eolør enfers, through electrons being trapped 
in holes (c£. ammonia solutions cited previously). 

The properties of a number of Ö/m combownds differ from those of the 
other Group IA(1) elements but resemble those of Mg?* compounds. Many of 
these anomalous properties arise from the very small size of Li” and its effect on 
lattice energies, as explained in Section 4+6. In addition to examples cited there, 
we note that LH is stable to approximately 900 °C, while NaH decomposes at 
350 °C. The compound LiạN is stable, whereas NazN does not exist at 95 °Œ. 
Lithium hydroxide decomposes at red heat to LiyO, whereas the other hydrox- 
ides MOH sublime unchanged; LiOH ¡s also considerably less soluble than the 
other hydroxides. The carbonate (LiạCO;) ¡is thermally less stable relative to 
L1:O and CO; than are other alkali metal carbonates. The solubilitdes of Lï” salts 
resemble those of Mg”'. Thus LiF is sparingly soluble (0.27 g/100 g H;O at 
18 °C) and is precIpitated from ammoniacal NH„F solutions; LICI, LiBr, LiI and, 
especially LICIO, are soluble in ethanol, acetone, and ethyl acetate; LiC] is solu- 
ble in pyridine. 

The alkali metal salts are generally characterized by high meltng points, by 
electrical conductivity of the melts, and by ready solubility in water. These salts 
are seldom hydrated when the anions are small, as in the halides, because the hy- 
dration energies of the ions are insufficient to compensate for the energy re- 
quired to expand the lattice. The Lï" ion has a large hydration energy, and it is 
often hydrated in its solid salts when the same salts of other alkalis are unhy- 
drated, e.g., LICIO„:3 HO. For salts of sđơng acids, the Li salt is usually the zzosí 
soluble in water of the alkali metal salts, whereas for øeak acids the L¡ salts are 
usually #ss soluble than those of the other elements. 

There are few Important Ø2ciaiơn reacfions Of the 1ons. Qne example 1s the 
precipitaton by methanolic solutons of 4,4-diaminodiphenylmethane (L) of Lĩ 
and Na salts (e.g., NaLaCl). Generally, the larger the M ” ion the more numerous 
are 1ts insoluble salts. Thus Na has few I1nsoluble salts; the mixed Na—Zn and 
Na—MEg uranyl acetates [e.g., NaZn(UO,);(CH;CO,)s-6 HO], whích may be 
precipitated almost quantitatively from dilute acetic acid solutions, are useful for 
analysis. Salts of the heavier ions, K*, Rb”, and Cs”, with large anions such as C]O” 
+ [PtCI¿]?”, [Co(NO;¿)¿]””, and B(CạH;)z, are relatively insoluble and form the 
basis for gravimetric analysis. 


Solvdtion and Complexdition of Alkoli Metơl lons 
Hydrodtion of Alkoli Metol Cofions 


For alkal metal cations, as well as for others, solvation must be considered from 
two points of view. First, each ion in solution possesses a primary solvation shell 
(termed hydration shell when the solvent is water), which 1s the number oŸ sol- 
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vent (water) molecules đirectly coordinated to the metal ion, as described for li- 
gands in Chapter 6. The discussion of water exchange rates in Section 6-5 (n 
particular Fig. 6-6) concerned precisely this first solvation, or coordination layer. 
Second, there is also the overall solvaton number, which 1s the total number of 
solvent molecules on which the ion exercises a substantial restraining infuence. 
Thus, although the ñrst solvation shell or coordination sphere of a solvated 
metal ion is the most Important, other layers of solvent molecules are organized 
and influenced by the cation. As an example, consider the aqueous lithium 
cation which, as shown in Table 10-1, has a hydration number of about 25. Thịs 
means that a total of 25 water molecules operate in aqueous solution unđer the 
restraining influence of the cation's positive charge to such an extent as to be 
considered bound to the cation. 

In the case of Lï, a primary coordination number of four tetrahedrally 
arranged water molecules is observed in numerous crystalline salts, and a simi- 
lar arrangement of four water molecules probably exists In aqueous solutions. 
The ions Na† and K* may also have fourfold primary hydration in aqueous solu- 
tions. The primary hydratdon numbers o£ Rb” and Cs” are probably equal to six. 
However, as mentioned earlier, electrostatic forces operate beyond the primary 
hydration sphere of an ion, and additional layers of water molecules are bound 
to metal ions in water solution. These successive layers of bound solvent mole- 
cules are collectively termed the secondary solvation (hydration) layers. The ex- 
tent of the secondary solvation layers appears to vary ?zerselh with the size of the 
bare ion, that is, inversely with the size of the crystal radii of the ions. Thus as the 
crystal radii increase, the total hydration numbers, the hydrated radii, and the 
hydration energies all decrease. Apparently, the greater charge density of the 
smaller cation (i.e., Lï”) produces a greater organizing influence on secondary 
hydration layers ¡in Li”(aq) than is the case for the successively larger monoca- 
tions of the Group IA(1) metals. As a result, the aqueous lithium cation is effec- 
tively larger than that of sodium, and so on, as shown in Table 10-1. 
Correspondingly, as hydrated radii decrease, the ionic mobilities of the aqueous 
alkali metal ions are found to increase, as shown in Table 10-1. 

These trends play a role in the behavior o£ the alkali metal cations ïn ion ex- 
change materials and in their passage through cell walls and other biological 
membranes, although doubtless other factors than size and hydration numbers 
are also important. In a cation exchange resin, two èations compete for attach- 
ment at anionic sites on the resin, as shown by equilibrium 10-7.1: 


Table 10-T - Data on the Hydration of Aqueous Group [A() lons 


JUN” Na" K Rbf Cs” 
Ionic radii“ (Ả) 0.90 1.16 I5 1.66 1.81 
Approximate hydrated radii (Ả) 3.40 2.76 S22 2.2, 2.28 
Approximate hydration numbers” P3 5) 16.6 1\)JZ 10.0 S5 
Hydratton enthalpies (kJ mol}) 519 406 S222 293 264 
lonic mobilitiesf 35.5 43.5. 64.6 67.5 68 


“Values by Shannon and Prewitt as listed in Appendix HC, for coordination number 6. 
“From transference data. 
“At 18 °Ö and infinite diution. 
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AT(aq) + [B R"](s) = B†(aq) + [ATR-](s) (10-7.1) 


where R represents the solid resin and A* and B° are the cations. The value of 
the equilibrium constants for sụch equilibria can be measured quite accurately, 
and the order of preference of the alkali cations is usually Lï* < Na? < KỲ < 
RE” < Œœ', although irregular behavior does occur in some cases. The usual 
order may be explained if we assume that the bonding force that holds the 
cation to the anionIc site on the resin 1s essentially electrostatic, and that under 
ordinary conditions, the ions within the waterlogged resin are hydrated approx- 
Imately to the same extent as they are in dilute aqueous solution. Then the ion 
with the smallest hydrated radius (which is the one with the largest “naked” ra- 
đius) will be able to approach most closely to the negative site of attachment on 
the resin. Hence, according to Coulomb's law, this ion will be held most strongly. 


Complexotion of Cofions by Crowns and Cryptotes 


Alkali metal cations may be brơught into solution in solvents other than water by 
le Of two types ofspecial complexation ligands: erưn øfhers and crybtaies. Ethers, 
polyethers, and especially cyclic polyethers are particularly suited to solvate Na* 
and other alkali metal cations. Examples are tetrahydrofuran (THEF), the 
“glyme” solvents [which are linear polyethers such as CHzO(CH,CH,O)„CH;:], 
and the macrocyclic erounw øfhzrs. Five of the more common crown ethers are 
shown in Structures 10-I through 10-V, along with their customary names. In 
such crown ethers, the number of oxygen atoms and the total number of atoms 


dicyclohexyl-I4+crown-4 
10-1 


-~ 


to O 
`. 


18-crown-6 
10-H 
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dicyclohexyl 18-crown-6 
10-IH 


© 


10-IV 


dicyclohexyl 24crown-8 
10-V 


in the ring are both specified within the name of the polyether. As an example, 
18-crown-6 is a symmetrical cyclic polyether containing 6 oxygen atoms and a 
total of 18 ring atoms, as shown In Structure 10-1I. The name of crown ether 10- 
III is đicyclohexyl-]8-crown-6. 

The bonding o£Ê an alkali metal cation within the cavity of a cyclic polyether 
1s largely electrostatic, and a close match between the size of the cation and the 
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10-VI 
2,2,2-crypt 

SIz€ of the crown is Important if the cation is to be tightly bound in the cavity cre- 
ated by the oxygen donor atoms. For 18-crown-6, the binding constants increase 
in the order Lï” < Na”, Cs” < Rb” < KT. In other words, the strongest binding is 
achieved by K, principally because this ion possesses the best match in size to the 
cavity of I8-crown-6. In comparison, Rb” is preferentially bound by the larger di- 
cyclohexyl-2l-crown-7, and Cs” by dicyclohexyl-24-crown-8. In contrast, the small 
Lï” ion finds its greatest binding with small crown ethers such as dicyclohexyl-1+ 
crown-4. Ín each of these cases, the size ratio of the cation to that of the crown”s 
cavity is in the optinum range of about 0.80-0.97. Obviously, a cation 
radIus/crown cavity size ratilo greater than l would be undesirable, since the 
crown ring would then be too small to surround the cation effectively. 

Other factors have been found to influence the stability of a crown ether 
complex with an alkali metal cation. First of all, the greater the number 0 Oxy- 
gen atoms in the crown ring, the greater the magnitude of the ion-dipole inter- 
action. Binding 1s enhanced in cases where the crown donor oxyøen atoms are 
coplanar. Also, for greatest affinity, the crown ether should not be sterically hin- 
dered, and the oxygen atoms should be symmetrically placed around the ring. 
Finally, for maximum binding to a given alkali metal cation, the crown ring 
should not contain electron-withdrawing substituents, whích would decrease the 
basicity of the oxygen atoms. 

The cry//zs are even more potent and selective agents for binding alkali 
metal ions (and others). However, they differ from the crown ethers in two ways. 
First, they incorporate nitrogen as well as oxygen donor atoms, as shown in 
Structure 10-VI. Second, the cryptates are polycyclic, and hence are able more 
fully to surround a metal cation, thereby taking greater advantage of the chelate 
effect mentioned in Secton 6-4. The cryptate shown in Structure 10-VI ¡s called 
2,2,2-crypt (often abbreviated C-;›), and the structure of a representative com- 
plex is shown In Fig. 10-1. 


Alkoli Metdol Anions 


When a solution ofsodium in ethylamine is cooled in the presence of 2,2,2-crypt, 
the compound shown in Fig. 10-2, [Na(2,3,2-crypt) ]*Na", which 1s stable only 
below —10 °C, crystallizes. This fascinating compound is one of a number of 
known søđ¿3¿ (i.e., Na” containing) compounds. Although Reaction 10-7.2 


2 Na(g) =Na"(g) + Na (g) (10-7.2) 


is endothermic by 438 kJ mol", the lattice energy for the formation of the crys- 
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Figure T0Ö-ï Thc structure of the cation in the thio- 
cyanate salt [Rb(2,2,2-crypt) ]SCN-H:O. [Reproduced by 
permission from M. R. Truter, C#w¿m. Br 1971, 203.] 


talline sodide compound and the complexaton of the sodium cation by the 
cryptate overcome this endothermicity, thereby stabilizing the sodide (Na) ion. 
Other less stable ai#adøs have been prepared by J. L. Dye and co-workers, for ex- 
ample, the potasside [K(2,2,2-crypt) ]*K”, and similar cesides. The alkalides are 
brown or gold-brown solids that are extremely air and water sensitive, thermally 
unstable, điamagnetic solids. 

The structure of the sodide shown in Flg. 10-2 warrants comment. The crys- 
tal structure is best described as alternating layers of [Na(2,2,2-crypt) ]” and Na” 
1ons in what 1s essentially a hcp array, as described in Chapter 4. The unusually 
large cryptated cations form a hcp array in which the octahedral sites are occu- 
pled by sodide lons. Furthermore, this structure ¡is nearly identical to that of the 
simple cryptated salt [Na(2,2,2-crypt) ]*I, which contains the common iodide 
anion. The sodide anion in [Na(2,2,2-crypt)]TNa” is located as far as possible 
from the negative oxygen and nitrogen atoms of the cryptate, and the shortest 
đistance between sodide ions in the same layer 1s 8.83 Ả. The separation between 
adjacent layers of sodide ions is 11.0 Ả, and the distance between the Na" and 
the Na" ions is 7.06 Ả. 

Interestingly, a similar series of Z/zcfrid2s is known. These are black, para- 
magnetic solids that have the general formula [M(crypt) ]*e", and which adopt 
structures similar to those of the alkalides. In electrides, it is the electrons rather 
than the alkali metal anions that are held in the cavities formed by the cryptated 
metal catlons. For Instance, In the case of the electride [Cs(crypt) ]”e", the elec- 
trons are located in cavities of diameter 9.4 Ä between the cryptated catlons. 


Encdpsuldted Metol lons in Biology 


Naturally occurring small cyclic polypeptides can also act to encapsulate metal 
lons. These cyclic polypeptides play a role in transporting alkali and alkaline 
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carth lons across membranes In Hving systems. More is presented on this topic In 
Chapter 31. Perhaps the best known examples of such cyclic polypeptides are 
valinomycin (Structure I0-VI) and nonactin (shown in Fig. 10-3 as the potas- 


sium complex). 


_ _ 


Figure 10-2 Part of the unit cell of the crys- 
talline sodide [Na(2,2,2-crypÐ) ]TNa- showing a sin- 
gle sodium cation at the center of the 2,2,2-crypt 
ligand and the six nearest neighbor Na” (sodide) 
anions. [Reprinted in part with permission from F. 
J. Tehan, B. L. Barnett, and J. L. Dye, }. Am. Chem. 
Soc., 96, 7203-7208 (1974). Copyright © (1974) 
American Chemical Society. | 
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Figure 10-3 ' The structure of the nonactin complex of K”. 
[Reproduced by permission from D. A. Fenton, Chem. Soc. Rzu., 
1977, ó, 325—343.] 


Organometdillic Compounds 
Lifhium Alkyls and Aryls 


One of the most important areas of chemistry for the Group IA(1) elements is 
that of their organic compounds. Thịis is especially true of Li, whose alkyls and 
aryls find extensive use as alkylating and arylating agents. Organolithium com- 
pounds resemble Grignard reagents in their reactions, although the lithiùuim 
Teagents are generally more reactive. 

Lithium alkyls and aryls are best prepared as in Reaction 10-8. 


CaH§C]442 Lisee<+ GgHl¿1.i@8ING] (10-8.1) 


using alkyl or aryl chlorides in benzene or petroleum solvents. Methyllithium 
may also be prepared at low temperatures In hexane as insoluble white crystals 
from the exchange between butyllithiuim and methyl iodide. 


Œ;H,Li+ CHI —› GInI. cia (10-8.9) 


Organolithium compounds all react rapidly with oxygen and water, and are usu- 
ally spontaneously fammable in atr. 

Organolithium compounds are among the few alkali metal compounds that 
have properties—solubility in hydrocarbons and other nonpolar liquids and 
high volatilitềồ—typical o£ covalent substances. These compounds are generally 
liquids or low melung solids, and molecular association is an important struc- 
tural feature. For example, in the crystals of methyllithium (Fig. 10-4), the 
lithium atoms are assoclated in a tetrahedral unit with methyl groups symmetri- 
cally capping cach triangular face of the Li¿ tetrahedron. A similar aggregation 
occurs for lithium alkoxides (LIOR) and dialkylamides (LNR,). 


10-9 
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Figure 1O-4 The structure of solid (CH;Li)¿, show- 
¡ng the tetrahedral arrangement of LÍ atoms and the 
face-capping positions of the methyÌ groups. The 
structure may be regarded to be roughly that ofa 
cube. 


In solution, the lithium alkyls are also aggregated, but the extent of aggre- 
gation depends on the solvent and the steric nature of the organic group. Ít is 
not surprising, then, that the wide variations in reactivities of Lï alkyls depend on 
these differences in aggregation and other Ion pairing interactions. An example 
1s benzyllithium, which is monomeric in THE and reacts as a benzylating agent 
some 10 times as fast as methylation by the tetrameric methyllithium. 


Orgơnosodium œnd Orgœnopo†tossium Compounds 


These compounds are all appreciably ionic and are not soluble to any extent In 
hydrocarbons. They are exceedingly reactive, being sensitive to air and water. 
Although alkyl and aryl derivatives can be prepared ?w s2 for use as reactive in- 
termediates, they are seldom Isolated. 

Some of the most important compounds are those formed by the more 
acidic hydrocarbons such as cyclopentadiene (Reaction 10-8.3), 


3 C;Hạ¿ + 2Na ——> 2 C;H; Na” + C;H; (10-8.3) 
and acetylenes (Reaction 10-8.4). 
RC==CH +Na —> RC==CTNa* +šH; (10-8.4) 


Reactions 10-8.3 and 10-8.4 are best performed using sodium dispersed in THE, 
glyme, or DME. The ionic products of Reactions 10-8.3 and 10-8.4 are useful as 
reagents for the synthesis of transition metal organometallic derivatives. 


Other Alkoli Metdal Compounds 


A large number of alkali metal compounds that are commonly volatile and sol: 
uble in hydrocarbon or ether solvents is known. The most important of these are 
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the alkyls and aryls that were discussed in Section 10-8. These compounds have 
much in common, however, especially the tendency to aggregate Into dimers, 
tetramers, hexamers, and so on, with the following classes of compounds, where 
R =alkyl or aryl: 


Alkoxides MOR 

Amides MNHR, MNR; 
Phosphides MPHR, MPR; 
Thiolates MSR 


Such compounds have been extensively studied recently because, if the R group 
is very bulky, the alkali metal compound can be used to make transition metal 
complexes with very low coordination numbers. 

Some typical syntheses are given In Reactions 10-9.1 and 10-9.2, which 
should be compared with the syntheses of the alkyls (Section 10-8). 


¡-Pr,NH + ø-BuLi ——> ¿-Pr,NLi + C,H¡ọ (10-9.1) 
2 /-BuOH +2Na —> 2 -BUONa + H; (10-9.2) 


Reaction 10-9.1 illustrates the utility of alkyl lithiums as deprotonating agents; 
the resulung dialkyl amides can similarly act as strong bases. 

A characteristic feature, especially of lithiuũm compounds [although not re- 
stricted to them, since (NaO-£Bu)s is a hexamer both in the solid and in ben- 
zene], is aggregation, as discussed for the alkyls in Section 10-8. The extent ofag- 
gregation typically depends on the compound, the nature of the attached 
øroups, and on the solvent. 

Other important compounds of the alkali metals Include those with the tran- 
siion metal carbonylates (Chapter 28), which are made in THE solvent by reac- 
tions such as 10-9.3 through 10-9.5. 


Mn;(CO)¡o + 2 Na/Hg ——> 2 NaMn(CO); (10-9.3) 
Co;(CO); + 2 Na/Hg ——> 2 NaCo(CO)„ (10-9.4) 
Cr(CO)¿+ 2 Na——> Na;Cr(CO); + CO (10-9.5) 


Redaction Summory 


As a study aid, and in order to compare the chemistry of lithium with that of the 
other members of the group, the reactions of the Group IA(1) metals are listed 
in Eig. 10-5(a—d). Rather than being a comprehensive list of reactions, Fig. 10-5 
1s meant to be only an overview of the important types of reactions that the al- 
kali metals typically undergo. The student should note the metal ion precipita- 
tion reactions, as well as the differences between lithium (and to some extent 
sodium) and the other members of the group. 


10-10 Redction Summory 


LIOH 
CH,Li 

: + HO ||A 
ch CHạI LINHR 
— RI 

LiR -H; 
+RX +O; 
—LIX 
Li . - 
__ LH 

LTC] () +ROH +N; 

-H 

: LiạN 
LIOR 
(z) 
NaNH; 
+ FeCla ca. 
NaNHR 
NaLạC] (s) 
Na" (am) + e- (am) 
NÑa;O; + L = chelate 
+©CI" 
+; + HạO 
-H;O; 
NaCl () NaOH 
¬ HO 
3P Hạ “Ai Hạ 
+ROH HH, NaH + [Mg(UO;)¿OA: 
+ MCI 
NaOR ~ NaCl + G2n2 


Na[Mg(UO,)zOAcgl(s) 
M-= K, Rb, Cs [NaC;›;ÌTNa~ 


(6) 
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MNHR 
MHCO.(s) 
+ RNH, 
MNH, -HỆ 
+NHa 
c= Hạ El O; 
+Na 
——————M-= MOH 
MCI CNaCI M=KE,Rb,Cs 
+ Hạ 
+ROH Hạ 
MOR 


MB(C¿Hg)„(s) 


(c) 


Figure 10-5 Reactions of the alkali metals. 


STUDY GUIDE 


Study Quesfions 


A. Review 
1. Why are the alkali metals soft and volatile? 
2. Why are they highly electropositive? 
3. Write down the electronic structure of francium. 
4. Why are the first ionization energies of the Group IA(1) atoms low? 
5, Why does the chemical reactivity of the metals Increase from Lï to Cs? 
6. What other ions have properties similar to the alkali metal ions? 
7. How does the charge-radius ratio of Lï" điffer from those of the other Group IA(1) 
lons? List some consequences of this đifference. 
8. How do the reactivity and the nature of the products vary from Lï to Cs when the al- 
kali metals react with oxygen? 
9. What ¡is the nature of the solutlons of alkali metals in liquid ammonia? What is the 
chief reaction by which they decompose? 
10. How would you make lithium hydride? Why is it more stable than NaH? 
11. Draw the crystal structures of NaCl and CsCl. Why do they differ? 
12. Why is sodium peroxide a useful oxidizing agent in aqueous solution? 
13. In what order are the M' ions eluted from a cation exchange resin column? 
14. Why is LIF almost insoluble in water, whereas LIC] is soluble, not only in water, but in 
acetone? 
l5. What is (a) a crown cther, (b) a cryptate? 


-_ Why are lithium salts commonly hydrated and those of the other alkali ions usually 


anhydrous? 


-_ How would you extinguish a sodium fire in the laboratory? 
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B. Additiondl Exercises 


1. 


12. 


13. 


14. 


15. 


16. 


17. 
18. 


Vapors of the alkali metals contain about 1% diatomic molecules. Discuss the bond- 
¡ng in such molecules using the MO approach. Why do the dissociation energies of 
the diatomic alkali metal molecules decrease with increasing Z? 

Anhydrous KOH in THE is one of the strongest known bases and will đeprotonate ex- 
ceedingly weak acids. Why? (Compare the solvation of KOH by water and by THE.) 
The formation constant for the 1:1 complex between K” and cyclohexyl-18-crown-6 
1s much larger than the values for the other alkali metal cations. Estimate from this 
the size of the “hole” available for the cations in this ligand. 


Why is there so little variation in the standard potentials for reduction of the Group 
IA(1) cations? 


._ Which ligand would you expect more favorably to complex with K”, cyclohexyl-18- 


crown-6 or 2,2,2-crypt? Why? 


‹ Write balanced chemical equations for the electrolysis of (a) NaCl in water, (b) 


molten NaCl, (c) tetraethylammonium chloride in water, (d) molten tetraethylam- 
monium chỉloride. 


.-- Complete and balance equations for the following reactions involving the metals and 


the ions of Group IA(1). 


(a) KClI+Na (h) RbO, + HạO 
(b) Li+N; ()_ Li,O + HạO 
(c) Na+O¿ (j) KOH+CO, 
(d) Cs+ O, (k) K*+B(QsH,)z 


(ej\ Ki CILỚƠN  () Li/G1.H, 
(f) Li+HN(C,H,)„ (m) C,H,Li + CHạI 
(g) Li+ HN(SiMe;); (n) CH;Li + [W(CO);CI]” 


._ lfa crown ether were to be modified by replacing some or all oxygen atoms with sul- 


fur, would such a complexing agent favor K” or Ag”? Explain. 


-- Make a thorough list of all of the ways in which the structure and reactivity oflithium 


and its compounds differ from those of the other alkali metals. 


. Why do alkoxides, amides, and alkyls of lithium [as opposed to other metals of 


Group IA(1)] have largely covalent rather than ionic nature? 


.- Suggest a reason why 14crown-4 is able to catalyze reactions of LICH; in organic sol- 


ven. 

Why is butylithium more reactive in hexane as an R' donor (nucleophile) than 
CH;L1? 

Make a careful drawing of each of the following: 

(a) Li'(aq) 

(b) [Na(2,2,2-crypÐ)]” 

(c) 24crown-8 

(đ) Methyllithium (solid state) 

Give balanced equations for the reaction of sodium with diethylamine, hydrogen, 
ethanol, water, and oxygen. Repeat for lithium and for potassium. 


Lithium hydride adopts the NaCl-type structure, having a unit cell edge of 5.36 Ẫ. 
Use this information and the effective nuclear charges for each ion to determine the 
Pauling radius of Li” and H, as described in Chapter 4. 


Write out the Born-Haber cycle for the formation of KH. 
Write out the Born-Haber cycle for the formation o£ Na;O):. 
Suggest the product on reaction of BuLi and 7IN(SIMs;);. 
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C. Questions from the Literdture of Inorganic Chemisiry 


1. Consider the paper byH. K. Frendsdorf, J. Az. Chưm. Soc., 1971, 93, 600-606, and ref- 
erences cited therein, regarding the stability constants of cyclc polyether complexes 
with alkali cations. 

(a) Draw the structures of the crown ethers in Table HH of this paper. 

(b) What relatonship exists between stability constants for the complexes in 
methanol, cation radius, and ring size of the various crown ethers? 

(c)_ How do the potassium complexes of nonactin and valinomycin compare with the 
potassium complexes of 24-crown-8 and 30-crown-10, as inferred with stability 
constants? 

(đ) Why are the stability constants for crown ether-alkali metal complexes In water 
lower than stability constants in methanol? 

2. Consider the paper by B. Van Eck, Dinh Le Long, D. Issa, and J. L. Dye, /ơrg. Chem.., 
1982, 27, 1966-1970. 

(a) The analysis of the crystalline alkalides that are featured in this work was per- 
formed by reacting the samples with water. Write a balanced chemical equation 
for the reaction that takes place. 

(b) The H; evolved during analysis was compared with the total titratable base that 
was present after reaction with water. Why? For K” crypt-2,2,2:Na", how many 
cquivalents of titratable base are released per equivalent of hydrogen upon re- 
action with water? 

(c) Why are the sodides the easiest crystals to prepare and the most stable of the al- 
kalide compounds? 

3. Consider the work: E. C. Alyea, D. C. Bradley, and R. G. Copperthwaite, Ƒ. Chem. Soc., 
Dalton Trans., 1972, 1580-1564. 

(a)_ Draw Lewis diagrams for the lithium đerivatives o£ [N(SiMe;);]”, which are used 
as reagents in this Daper. 

(b) Suggest a synthesis of the lithum bis(trimethylsilyl)amido reagents, 
LiIN(SiMe;);]. 

(c)  What ¡is the likely coordination geometry of the metal complexes o£ Table 2? 

(đ) What reactions were used to synthesize the complexes of Table 2? Write balanced 
chemical equatilons. 

(e) What  delocalizations do the authors mention involving the N and Sĩ atoms of 
the silylamide ligands2 Show with orbital diagrams how 7£ overlap within the 
(Si¿N—M framework may take place. To what extent is Sc”° believed to be in- 
volved In such 7# bonding? Why? 

(Œ) Show, with orbital điagrams, both the M 7 donation and 7 acceptance that the 
authors discuss. For which metals is each form of 7t bonding apparent? 


(g) What would be the likely reaction of such ML; complexes with water? 
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Chabter II 


THE GROUP HA(2) 
ELEMENTS: BERYLLIUM, 
MAGNESIUM, CALCIUM, 
STRONTIUM, AND BARIUM 


11-1 


Introduction 


Beryllium occurs in the mineral ðzy/, BezAl;(SiO;)s. Compounds o£ Be are ex- 
ceedingly toxic, especially if inhaled, whereby they cause degeneration of lung 
tissue similar to miners' silicosis; they must be handled with great care. This ele- 
ment has only minor technical Importance. 

The elements Mg, Ca, Šr, and Ba are widely đistributed in minerals and in 
the sea. There are substantial deposits of limestone (CaCO;), dolomite 
(CaCO;-MgCO;), and carnallite (KCI-MgCI;:6 H;O). Less abundant are stron- 
tianite (SrCO;) and barytes (BaSO/,). All isotopes of radium are radioactive. The 
isotope ”?°Ra, œ, 1600 years, which occurs in the ?38U đecay series, was first isO- 
lated by Pierre and Marie Curie from the uranium ore, pitchblende. Ít was col- 
lected from solutions by coprecipitation with BaSO, and the nitrates subse- 
quently fracuonally crystallized. Its use in cancer therapy has been supplanted by 
other forms o radiation. 

The posidions of the Group HA(2) elements and of the related Group 
IIB(19) (Zn, Cd, and Hg) elements in the periodic table and some of their prop- 
erties have been given in Chapter 8. 

The atomic radii are smaller than those of the Lĩ to Cs group as a result of 
the incfeased nuclear charge (cf. Table 4-2). The number of bonding electrons 
in the metals is now two, so that these have higher melting and boiling points 
and densities. The ionization enthalpies are higher than those o£ Group LA() 
atoms and their enthalpies of vaporization are higher. Nevertheless, the high lat- 
tice energies and high hydration energies of M”” ions compensate for these In- 
creases. The metals are hence electropositive with high chemical reactivitles and 
standard electrode potentials. Born-Haber cycle calculations show that MX com- 
pounds would be unstable in the sense that the following reactions should have 
very large negative enthalples: 


2MX=M+MX; (118.1) 


Covdlency œnd Stereochemistry for Beryllium 
In the case of beryllium, because of its exceptionally small atomic radius and 
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high enthalpies of ionization and sublimation, the lattice or hydration energies 
are insufficient to provide for complete charge separation to give a simple Be”” 
cation in beryllium-containing compounds. (Recall the materlal in Chapter 4 on 
Born-Haber cycles for ionic compounds.) Consequently, although the oxides 
and fluorides of the other elements of Group IIA(2) (except perhaps Mg) are 
ionic, BeF; and BeO show evidence of covalent character. Also, covalent com- 
pounds with bonds from Be to Ö are quite stable. In these respects, Be resembles 
Zn. Note that to form two covalent bonds, promotion of Be from the 2s” to the 
29'2ø' electron configuration is required. Thus BeX; molecules should be linear. 
Since such molecules are coordinatively unsaturated, they exist only in the gas 
phase. In condensed phases, at least threefold, and more commonly fourfold 
(maximum) coordination 1s achieved in the following ways. 


1. Polymerization may occur through bridging groups, such as H, F, Cl, or 
CH¡:, giving chain polymers of the type [BeF;]„ [BeCl;]„ and [Be(CH;);]„„ as 
shown In Fig. 11-1. The coordination of Be in these chains is not exactly tetra- 
hedral. For instance, the internal CI—Be——C] angles in [BeCl;]„ are 98.2°, which 
means the Be(H;-Cl);Be units are somewhat elongated in the direction of the 
chaïin axis. In contrast, the C—Be——C angles in [Be(CH;);] „are 114°. These dis- 
tortlons from the ideal tetrahedral angle for a four-coordinate Be atom are de- 
pendent on the nature of the bridging group, and are related to the presence or 
absence of lone pairs on the bridging atomas. 

Other important examples of bridging to Be atoms include the following. As 
already noted, in the gas phase at high temperature, the halides are linear mol- 
ccules, X—Be—X. At low temperatures, however, the chloride exists in appre- 
clable amounts (~20% at 560 °®C) as a dimer, [BeCl;]¿, in which Be is presumably 
three coordinate. Interestingly, in compounds of the type (M));(Be,Cl¿) (M = 
K, Rb, TI, NO, or NH¿), the anion (Structure 11-I) resembles a portion of the 
[BeCl,]„ chain. 


G1. ŒI1 CI 
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2. Alkoxides, [Be(OR);]„, usually have associated structures with both Hs- 
bridging and terminal OR groups. For example, [Be(OCH;);]„ is a high poly- 
mer, 1nsoluble in hydrocarbon solvents. On the other hand, the /#i-butoxy 
đerivative 1s less condensed, being only a trimer [Be(O-¿-Bu);]; (Structure I1- 
1I), which ¡s soluble in hydrocarbon solvents. Only when the alkoxide is bulky are 
monomers obtained with two-coordinate Be, as in Structure 11-III. 
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Figure TT-1 ˆ The infinite chain structure of BeX; compounds (X = E, CI, or CH;), 
whereby each Be atom achieves a coordination number of fOUr. 
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Another coordinatively unsaturated Be compound containing bulky organic 
øroups is the two-coordinate beryllium alkyl Be(/-Bu);, which reacts with #r# 
butyllithium in dry pentane at room temperature, as in Reaction 11-].2: 


Li+2-Bu + Be(-Bu); ——> Li[Be(/-Bu);] (111.9) 


to give the three-coordinate lithium tri-f-butylberyllate, Li[Be(/-Bu);], in 
which the donor carbon atoms of the three /zrí-butyl groups are arranged in a 
trigonal planar coordination geometry around the Be atom. Further aspects of 
the organochemistry of the Group IIA (2) elements are given in Chapter 29. 

3. By functioning as Lewis acids, many Be compounds obtain maximum co- 
ordination of the metal atom. The chloride BeCl; reacts with donor solvents to 
form four-coordinate etherates such as BeCl;(OEt;)¿. Interacdlon with anions 
gives complex ions such as BeF2ˆ. The aqua ion is four-coordinate, [Be(H,O)„]?'. 
In chelate compounds, such as the acetylacetonate, Be(acac);, four approxi- 
mately tetrahedral bonds are formed, with four equal C-O bonds and four equal 
Be-O bonds. 

4. Beryllium also achieves tetrahedral four coordination in compounds 
such as BeO and BeS, the structures of which are often those of the corre- 
sponding Zn đerivatives. Thus low-temperature BeO has the ZnO—wurtzite struc- 
ture, whereas BeS adopts the ZnS-zinc blende structure (Fig. 4-L). The most sta- 
ble Be(OH); polymorph has the Zn(OH); structure. It also may be noted that 
Be with F gives compounds that are often isomorphous with oxygen compounds 
of silicon. An example is NaBeF;, which ¡s isomorphous with CaSiO:. In addi- 
tion, there are five different corresponding forms o£ NasBeE, and Ca;SiO¿. 


Mdonesium 


The second member of Group HA(2) (Mg) is intermediate in behavior between 
Be and the remainder of the group whose chemistry is entirely ionic in nature. 
The Mg”” ion has a high polarizing ability, and there 1s, consequently, a decided 
tendency for its compounds to have nonionic behavior, although not as much as 
for Be. Magnesium, therefore, readily forms bonds to carbon, as điscussed 1n 
Chapter 29. Like Be(OH);, Mg(OH); is only sparingly soluble in H;O, whereas 
the hydroxides of the other members of Group IHA(2) are water soluble and 
highly basic. 


310 


11-2 


Chopter l1 / The Group IIA(2) Elemenis 


Cdlcium, Strontium, Boơrium, and Radium 


The elements Ca, Sr, Ba, and Ra form a closely related group in which the chem- 
ical and physical properties change systematically with increasing size. Examples 
are increases from Ca to Ra in (a) the electropositive nature of the element (cf. 
E° values, Table 8-2); (b) hydration energies of salts; (c) insolubility of most salts, 
notably sulfates; and (d) thermal stabilides of carbonates and nitrates. As In 
Group IA(1), and as explained in Secton 4-6, the larger Group IIA(2) cations 
can stabilize large anions such as Of”, Oz, and lạ. 

Because of similarity in charge and radius, the 2+ ions of the lanthanides 
(Secton 26-5) resemble the Sr to Ra ions. Thus Eu, which forms an insoluble sul- 
fate (EuSO/), sometimes occurs in Group HA(2) minerals. 


Beryllium and I†s Compounds 


The metal, obtained by Ca or Mg reduction of BeC]l;, or by Mg reduction of 
BeE:, is very light and has been used for windows in X-ray apparatus. The ab- 
sorption of electromagnetic radiation in general depends on the electron den- 
sity in matter, and Be has the lowest stopping power per unit of mass thickness 
of all constructonal materials, hence its utility as a nonabsorbing surface, or 
window. 

Beryllium metal is relatively unreactive compared to other members of its 
group, especially in its massive state, where it does not react with water at red 
heat, and it does not react with air below 600 °C. It can be ignited in air only 
when finely powdered, to give BeO and Be¿N;. Beryllium does not react directly 
with hydrogen; consequently BeH; must be prepared by less direct methods, 
such as reduction o£ BeCl]; in ether by LH, or pyrolysis of Be(¡-Bu);. Of the 
Group HA(2) elements, only Be reacts with aqueous bases (NaOH or KOH) to 
liberate hydrogen and form the beryllate ion, [Be(OH)„]#”. The latter ¡is also 
formed when beryllium hydroxide is dissolved is aqueous alkali. Thus beryllium 
metal and the hydroxide are chemically similar to aluminum and AlI(OH);. The 
hydroxide, Be(OH);, has several polymorphs, the most stable of which is crys- 
tallized when boiïled solutions of BeCl; and OH- are cooled. 

Beryllium metal is unreactive towards cold, concentrated HNO¿, due to pas- 
sivatlon. However, Be does react with concentrated solutions of noncomplexing 
acids (Chapter 7) to form the tetraaqua ion, [Be(H,O)„]?', crystalline salts of 
which may be readily obtained. The water ligands in such salts are more strongly 
bound than 1s typical of other divalent catons. For instance, [Be(H;O)„] Cl; does 
not lose HO over strong dessicants such as P„O,. The stability of Be complexes 
with ligands containing nitrogen or other đonors is lower than that of complexes 
pOSsessing oxygen donor ligands. Thus [Be(NH;)„]Cl; is thermally stable, but 
rapidly hydrolyzed to the tetraaqua ion. 

The firm attachment o£ the HạO molecules in [Be(OH,)„]?* causes a weak- 
ening of the O—H bonds. This means that the aqua ion is acidic, as shown in 
Reaction ÏlI1-2.1. 


[Be(H,O)„]?* = [Be(H;O);OH]* + H* (11-2.1) 
Thus aqueous solutons oŸ beryllium salts are extensively hydrolyzed and are 


acidic. In fact, the [Be(OH,);(OH)]T ion ¡s itself unstable, and quickly trimer- 
1zes to give the [Bes(OH);(H,O),]Ÿ" ion. 


11-2 Beryllium œnd I†s Compounds 3Ï] 


The tetrafluoroberyllate ion, [BeF,]”, is formed in fluoride-containing so- 
lutlons. It is also obtained by dissolving BeO or Be(OH); in concentrated aque- 
ous fluoride solutions, or in nonaqueous melts o£ acid fluorides such as NH„HE:. 
The tetrafluoroberyllate anion behaves in crystals much like SOƒ”; thus PbBeE,¿ 
and PbSO/, have similar structures and solubilities. 

The white crystalline oxide BeO 1s obtained on Ignition of Be or its com- 
pounds in aïr. It resembles AlzO; in being highly refractory (mp 2570 °C). The 
high-temperature form (>800 °®C) is exceedingly inert and dissolves readily only 
in a hot syrup of concentrated H;SO¿ and (NH¿);SO,. More reactive forms of 
BeO dissolve in hot aqueous alkali or fused KHSO,. 

Beryllium fluoride (BeF;) is obtained as a glassy, hygroscopic mass by ther- 
mai decomposition of (NH¿);BeF¿. On a small scale, the chloride and the bro- 
mide are best obtained by direct interaction of the elements in a hot tube. 
Otherwise, BeCl; may be prepared by passing CCl¿ over BeO at 800 °C, or at 
600-800 °C as in Reaction I1-2.2. 


BeO +C+Cl; —> BeCl; + CO (11-2.2) 


As noted earlier, BeCl; forms long chaïns in the crystal, and this compound and 
the similar methyl derivative, [Be(CH;);]„„ are cleaved by donor molecules or 
ions to give, for example in ethers, adducts of the type BeCl;(OR;);. (Such Lewis 
acid behavior is also typical of AI, Mg, and Zn halides and alkyls.) Beryllium chÌo- 
ride also dissolves exothermically in H;O, and the salt [Be(H;O)„]Cl; can be ob- 
tained from aqueous hydrochloric acid solutions. In melts with alkali halides, 
chloroberyllate ions, [BeCl,]?”, are formed, although this ion, unlike the tetra- 
fluoro ion, does not exist in aqueous solution. 

The most unusual oxygen-containing complexes of Be have the formula 
Be,O(O;CR)¿ and are formed by refluxing Be(OH); with carboxylic acids. These 
white crystalline compounds are soluble in nonpolar organic solvents, such as 
alkanes, but are insoluble in water and lower alcohols. In solution, the compounds 
are un-ionized and monomeric. They have the structure illustrated in Eg. 11-2. 
The central oxygen atom is tetrahedrally surrounded by the four Be atoms (this 


R 
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Figure T1-2 The structure of the 
“basic carboxylate” complexes 
Be,O(O;CR)¿. Only three of the six car- 
boxylate groups are shown. 
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being one of the few cases, excepting solid oxides, in which oxygen is four coordi- 
nated), and each Be atom is tetrahedrally surrounded by four oxygen atoms. 

Note that Be and its compounds are exceedingly poisonous. Inhalation of Be 
or Be compounds can cause serious respiratory disease, and soluble compounds 
may produce dermatitis on contact with the skin. Great precautions should be 
taken in handling either elemental Be or its compounds. 


The Remodining Elemenis of Group HA(2) and Their Properiies 
Mognesium 


Magnesium ¡s produced ¡in several ways. IWwo important sources are dolomite 
rock and seawater, which contains 0.13% Mg. Dolomite is fñirst calcined to give a 
CaO/MgO mixture from which the calcium can be removed by ion exchange 
using seawater. The equllibrium is favorable because the solubility of Mg(OH); 
1s lower than that of Ca(OH); 


Ca(OH);:Mg(OH); + Mg?* —» 9 Mg(OH);+ Ca?* ` (11-3.1) 


The most important processes for obtaining the metal are (a) the electrolysis of 
fused halide mixtures (e.g., MgCl; + CaCl; + NaCl) from which the least elec- 
tropositive metal (Mg) is deposited, and (b) the reduction o£ MgO or of calcined 
dolomite (MgO-CaO). The latter is heated with ferrosilicon: 


CaO-MgO + EeSĩi = Mg + silicates of Ca and Fe (11-3.2) 


and the Mg is distilled out. Magnesium oxide can be heated with coke at 2000 °C 
and the metal deposited by rapid quenching of the high-temperature equilib- 
rium that lies well to the right. 


'_MgO +C —> Mg + CO (si 


Magnesium is grayish white and has a protective surface oxide film. Thus de- 
spite the favorable potendal, it is not attacked by water unless it is amalgamated. 
Magnesium, however, is readily soluble in dilute acids. Ít is used in hght con- 
structional alloys and for the preparation of Grignard reagents (Section 29-5) by 
Iinteracton with alkyl or aryl halides in ether solution. It is essential to life be- 
cause It occurs in chlorophyll (c£. Section 31-4). 


Calcium 


Calcium, strontium, and barium are made only on a relatively small scale by re- 
duction of the halides with Na. These elements are soft and sllvery, resembling 
Na in thelr reactivities, although they are somewhat less reactive. Calcium is used 
for the reduction to the metal of actinide and lanthanide halides and for the 
preparation of CaH;, which is a useful reducing agent. 


Binary Compounds 
Oxides 


The oxides (MO) are white, high-melting crystalline solids, with NaCl-type lat- 
tices. They are obtained by calcining the carbonates. Calcium oxide, for in- 
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stance, is made on a vast scale for the cement industry, as in Reaction ]]-4.1. 
CaCO; ——> CaO + CO,(g) AN? = 178.1 kJ mol" (11-4.1) 


Magnesium oxide is relatively Inert, especially after Ignition at high temper- 
atures, but the other oxides react with H;O, evolving heat, to form the hydrox- 
ides. They absorb CO; from the air. Magnesium hydroxide 1s Insoluble in water 
(~1 x 10*®g L' at 20 °C) and can be precipitated from Mg”” solutions; it is a 
much weaker base than the Ca to Ra hydroxides, although It has no acidicC prop- 
erties and unlike Be(OH); is insoluble in an excess of hydroxide. The Ca to Ra 
hydroxides are all soluble in water, increasingly so with increasing atomic num- 
ber [Ca(OH);, ~2 g L-'; Ba(OH);, ~60 g L7ˆ at ~20 °C], and all are strong bases. 


Holides 


The anhydrous halides can be made by dehydration (Secton 20-3) of the hy- 
drated salts. Both Mg and Ca halides readily absorb water. The ability to form hy- 
drates, as well as the solubilities in water, decrease with increasing size, and §r, Ba, 
and Ra halides are normally anhydrous. This is because the hydration energies 
decrease more rapidly than the lattice energies with increasing size of M””'. All the 
halides appear to be essentially ionic. 

The fluorides vary in solubility in the reverse order, that is, Mg < Ca < Sr < 
Ba, because of the small size of the F” relative to the MỸ” ion. The lattice ener- 
gies đecrease unusually rapidly because the large cations make contact with one 
another without at the same time making contact with the Fˆ lons. 


Other Compounds 


The metals, like the alkalis, react with many other elements. Compounds such as 

phosphides, silicides, or sulfides are mostly ionic and are hydrolyzed by water. 
Calcium czrb¿dø, obtained by reduction of the oxide with carbon in an elec- 

tric furnace, is an acetylide Ca?*Cš”. It can be employed as a source of acetylene: 


Ca?'C?- +9 HạO —» Ca(OH); + HCSCH (11-4.9) 


The binary hydrides MH; are ionic, apart from MgH;, which 1S mOF€ COVa- 
lentin nature. The compound CaH; reacts smoothly with water and is used as a 
drying agent for organic solvents and gases. 


Oxo Solts, lons, and Complexes 


AII the elements form øxo s2ís;those of Mg and Ca are often hydrated. The car- 
bonates are all rather insoluble in water and the solubility products decrease 
with increasing size of M?'; MgCO; is used in stomach powders to absorb acid. 
The same solubility order applies to the sj/z@s; magnesium sulfate which, as 
Epsom salt (MgSOx„-7 HO), is used as a mild laxative in “health” salts, 1s readily 
soluble in water. Calcium sulfate has a hemihydrate 2 CaSO„-H;O (plaster of 
Paris) which readily absorbs more water to form the very sparingly soluble 
CaSO,„-2 H;ạO (gypsum), while §r, Ba, and Ra sulfates are Insoluble and anhy- 
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drous. Barium sulfate is accordingly used for “barium meals” as it is opaque to 
X-rays and provides a suitable shadow in the stomach. The ?rzí2s oŸ Sr, Ba, and 
Ra are also anhydrous and the last two can be precipitated from cold aqueous so- 
lution by the addition offuming nitric acid. Äfagnøs¿uzn Đerchlorafe1s used as a dry- 
ing agent, but contact with organic materials must be avoided because of the haz- 
ard of explosions. 

For water, acetone, and methanol solutons, NMR studies have shown that 
the coordination number of Mg”” ¡s six, although in ammonia it appears to be 
five. The [Mg(H;O)s]?" ion is not acidic and in contrast to [Be(H;O)„]Ÿ* can be 
dehydrated fairly readily. It occurs in a number of crystalline salts. 

Only Mg”" and Ca”* show any appreciable tendency to form cø›i¿x¿s and in 
solution, with a few exceptions, these are of oxygen ligands. The compounds 
MgBr;, Mgl;, and CaCl; are soluble in alcohols and polar organic solvents. 
Adducts such as MgBr;(OEt;)¿ and MgBr;(THE)¿ can be obtained. 

Oxygen chelate complexes, among the most important being those with eth- 
ylenediaminetetraacetate (EDTA) type ligands, readily form in alkaline aqueous 
solution. For example, 


Ca”* + EDTA“ = [Ca(EDTA)]?- (11-5.1) 


The cyclic polyethers and related nitrogen compounds form strong complexes 
whose salts can be isolated. The complexing of calcium by EDTA“ and by 
polyphosphates is of importance not only for removal of Ca°* from water, but 
also for the volumetric estimation of Ca””. 

Both Mg”” and Ca?" have important biological roles (Chapter 31). The 
tetrapyrrole systems in chlorophyll form an exception to the rule that complexes 
of Mg (and the other elements) with nitrogen ligands are weak. 


Summery of Group Trends for the Elemenis of Group IIA(2) 


By using the list of periodic chemical properties developed in Section 8-11, to- 
gether with the information given in this chapter, we can sumnmarize the periodic 
trends in the chemical properties of the elements of Group IIA(2). 


1. Beryllium 


(a) Forms covalent compounds almost exclusively, even with the most 
electronegative elements. 

(b) Does not form ionic compounds containing simple Be”* lons, but 
does readily achieve a maxinum coordination number of four, 
through formation of complex ions such as BeFŸ” and Be(H,„O)Ÿ", in 
which the Be-to-ligand bonds possess considerable covalent character. 

(c) Forms a series of organo đerivatives, BeR; and [BeR;]r, which con- 
tan covalent Be—C bonds. 

(d) The oxide and especially the hydroxide are amphoteric, reacting ei- 
ther with acids or aqueous OH”, 


(c) The halides are covalent polymers that are readily hydrolyzed or 
cleaved by donors. 


(£) The hydride is a covalent polymer. 
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2. Magnesium 
(a) Forms Ionic VI ANĐSGr that have partial covalent character. 


(b) Forms many ionic substances containing the uncomplexed Mg”* 
and forms numerous coordination compounds having a maximum 
coordination numiber OŸ S1X. 


(c) Forms an important series of organo derivatives, namely, the 
Grignard reagents RMgX and the dialkyls MgR;, both of which are 
discussed in Chapter 29. 


(d) The oxide is basic, and the hydroxide is only weakly basic compared 
to the lower members of the group. Also, the hydroxide, unlike 
Be(OH)›, does not đissolve in aqueous hydroxide. 


(e) The halides are essentially Ionic. 
(f) The hydride is only partially covalent. 
3. Calcium, Strontium, and Barium 


(a) Form only Ionic substances. 
(b) Do not form covalent bonds as in the alkyls of magnesium. 


(c) The oxides are basic, and the hydroxides are strong bases, the solu- 
bility increasing with atomic number. 


(d) The halides are crystalline ionic substances that are readily hydrated. 


(e) The hydrides are ionic and powerfully hydridic, as discussed ¡in 
Chapter 9, and illustrated ¡in Fig. 9-4. 
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Study Quesftions 
A. Review 


vớt b9 lô 
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19. 
11. 
12. 
13. 


14. 


._ Name the important minerals of the Group HA (2) elements. 
._Why do these metals have higher melúng points than the alkali metals? 


Why does beryllium tend to form covalent compounds? 

Why do linear molecules X—Be—X exist only in the gas phase? 

Which compound, when dissolved in water, would give the most acid solution, BeCls 
or CaCl;? 

Draw the structures of BeCl; and CaC]; in the solid state. 

How is magnesium made? 

What are the properties of the hydroxides, M(OH);? 

How do the solubilities of (a) hydroxides, (b) chlorides, and (c) sulfates vary In 
Group HA(2)? 

What and where are the na: from which MgCO;-CaCO; gets its name? 
What is an important fact about beryllium compounds from a safety point Of view? 
Compare the physical properties of Be, Mg, Ca, and Sĩ. 

Do the alkaline earth cations form many complexes? Which cations tend most to do 
so and what are the best complexing agents? 

What are the main types of compounds formed by the alkaline earth elements? Are 
they generally soluble in water? 
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B. Addifionol Exercises 


1 


1. 


Độ TM ng 


2. 


Beryllium readily forms a compound of stoichiometry Be,O(CO.,CH:;)¿. Write a 
likely structure for this compound. 


.  Write a balanced chemical equation for the synthesis of hydrogen peroxide using 


barium oxide. 


.‹_ Why do you think that the usual coordination numbers for BeŸ* and Mg”* are four 


and six, respectively? 

The hydroxide of berylium (actually a hydrous metal oxide) 1s a white, gelatinous 
substance that 1s anphoteric. Write balanced chemical equations for 1ts reaction with 
H” and with OH-. 

Why does the Increase in the number of valence electrons for the alkaline earth met- 
als over that for the alkali metals give the alkaline earths higher melting points, 
higher boiling points, and higher densities? 

Write balanced equations for one method of preparation of each of the metals of this 
Øroup. 

Describe the bonding in the chainlike [Be(CH;);] „ 

Describe the bonding in BeCl;(g) and [BeCl;] „(s). 

Sketch a likely structure for (BeCl;);, based on information provided in this chapter. 


What type of compound does one expect on dissolution of BeCl; in donor solvents? 
Give two examples, with equations. 


-_ Write equations for each of the following reactions: 


(a) Reduction of BeCl; with magnesium. 

(b) Igniuon of ñnely powered Be in air. 

(c)_ Dissolution of Be in aqueous KOH. 

(d) Dissolution of Be(OH); in aqueous KOH. 

(e) Hydrolysis of Be(NH,)„C1;. 

() Ligand substitution in the tetraaquaberyllate ion by excess aqueous fluoride ion. 
(g) A nonaqueous synthesis of the tetrafluoroberyllate ion. 

(h) Thermal decomposidon of (NH,);BeF,. 

()_ Hydrolysis of BeCl:. 

(J) Reaction o£ beryllium hydroxide in refluxing acetic acid. 


Dnlike the aqua ion o£f beryllium, Mg”*(aq) has coordination number six. Also, the 
aqua ion of Mg?” undergoes more rapid water exchange (Chapter 6) and does not 
lOnize a proton as shown for [Be(H;O)„]?* in Reaclon 11-9.1. Explain these differ- 
ences based on a comparison of the properties of Be and Mg. 


C. Problems from the Literature of Inorganic Chemistry 
1 


t2 


Consider the paper by R. Aruga, /zørg. Chzm., 1980, 79, 2895-2896, 

(a) What are the three series or behaviors in stability constants that are listed in the 
1ntroduction? 

(b) How is each series distinguished? 


(c) Into which series do the Group HA(2) cation complexes of iminodiacetate fit? of 
thiosulfate? of sulfate? of malate? 


(d) For which behavior (series) is entropy an important factor in determining the 
stability of the complexes? 


Answer the following questions concerning lithium tri-£erf-butylberyllate after read- 


¡ng the article by J. R. Wermer, D. F, Gaines, and H. A. Harris, Organormneiallics, 1988, 
⁄, 2421-2422. 
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(a)  What are the important structural facts for the title compound ¡in sofaras the Be 
atom is concerned? Concerning the Lï atom? 


(b) What facts about the structure and physical properties of the title compound in- 
dicate a covalent nature for the bonding of Lï in this compound? 
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Introduction 
The principal ores of boron are borates such as: 


Ulexie  {NaCa[B;O¿(OH)g]-5 H;O) 
Borax  {Na;[B,O;(OH)„]-8 H;O) 
Colemanite {Caz[BzO„(OH);];-2 H;O} 
Kernite  {Na;[B„O;(OH),„]-2 H;O) 


The structures of borate minerals are complex and diverse, but they charac- 
teristically contain trigonal BO; or tetrahedral BO, units in large boron-oxygen 
anions. Some oxygen atoms in borate minerals are monoprotonated to give hy- 
droxyl groups, while others are diprotonated to give waters of hydration. The 
cations in such minerals are usually alkali or alkaline earth cations. The structure 
of the borate anion in borax is shown in Structure 5-XXVH. Borax occurs in 
large deposits in the Mojave desert of California, which is the major source of 
boron. : 

No ionic compounds involving simple BỶ” cations are formed because the 
ionization enthalpies for boron are so high that lattice energies or hydration en- 
thalpies cannot offset the energy required for formation oŸa cation. Boron does 
form three covalent bonds using s⁄ˆ hybrid orbitals in a trigonal plane. All such 
BX; compounds are coordinatively unsaturated and act as strong Lewis acids; In- 
teraction with Lewis bases (molecules or ions) gives tetrahedral adducts such as 
BF;:O(C.H,);, BF4, and B(G¿H;)¿. The formation of such Lewis acid-base 
adducts requires a change to sø” hybridization for boron. 

Another major feature of boron chemistry is the preponderance o£ com- 
pounds consisting of boron atoms in closed polyhedra or in open, basketlike 
arrangements. Often the structures are seen to be derivatives Or fragments of the 
icosahedron. The frameworks of such molecules may include atoms other than 
boron (e.g., carbon) and many of those with carbon (the carboranes) form com- 
plexes with transition metals. 

Among the Group IHB(13) elements, it ïs the chemistry of boron that 1s 
unique. The chemistry of boron has only a few features in common with that of 
aluminum. The main resemblances to silicon and differences from the more 
metallic aluminum are as follows: 


1. The oxide B,O; and B(OH); are acidic. The compound AI(OH): ¡sa 
basic hydroxide, although it shows weak amphoteric properties by dis- 
solving in strong NaOH. 

2. Borates and silicates are built on similar structural principles with sharing 
Of oxygen atoms SO that complicated chai, ring, or other structur€s r€- 
sult. 
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3. The halides of B and §S¡ (except BF;) are readily hydrolyzed. The AI 
halides are solids and only partly hydrolyzed by water. All act as Lewis 
acids. 

4. The hydrides of B and Sỉ are volatile, spontaneously ammable, and read- 
ily hydrolyzed. Aluminum hydride ¡s a polymer, (AIH;) „. 


Isolation of the Element 


Boron forms a number of allotropes that are difficult to purlfy because of the 
high melting points of the solids (e.g., 2250 °C for the -rhombohedral form) 
and because of the corrosive nature of the liquid. Boron is made in 95-98% pu- 
rity as an amorphous powder by reduction of the oxide B,O; with Mg 


B,O; + 3Mg —— 2B+ 3MgO (12 1) 


followed by washing of the powder with NaOH, HƠI, and HE. Other electropos- 
Iive metals may be used in place of Mg. Purer forms of the element are available 
from the reductions of boron trihalides with zinc at 900 °C, as in Reaction 13-9.9 


2 BC]; + 32Zn —> 3 ZnGC]l; + 2B (12-2.2) 


or from reductions with hydrogen over hot tantalum metal as a catalyst, as in 
Reaction 12-2.3 


2BX;+3Hạ —> 6HX+9B (25) 


The several allotropes of crystalline boron all have structures built up o£ B¡; 
icosahedra (Structure 8-II), one form differing from another by the manner in 
which these icosahedra are packed into the unit cell. 

Crystalline boron is very inert and is attacked only by hot concentrated oxi- 
dizing agents. Amorphous boron is more reactive. With ammonia for instance, 
amorphous boron at white heat gives (BN),, a slippery white solid with a layer 
structure resembling that of graphite, but with hexagonal rings of alternating B 
and N atoms. là, 


Oxygen Compounds of Boron 


Almost all of the naturally occurring forms of boron are the OXygen-containing 
borate minerals, which are mentioned in the introduction to this chapter and in 
Secton 5-4. In addiuion, there are many types of organic derivatives conftaining 
boron-oxygen bonds, the chief examples being those containing trigonal boron: 
the orthoborates, B(OR);; the acyl borates, B(OCOR):; the peroxo borates, 
B(OOR);; and the boronic acids, RB(OH);, all of which are best considered to 
be derivatives of boric acid. We consider first the borate-containing compounds. 


Crystolline Borotes 


Many borates occur naturally, usually in hydrated form. Anhydrous borates may 
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be made by fusion of boric acid and metal oxides. The hydrated borates may be 
precipitated from aqueous soluton. The stoichiometries of borates (e.g., 
KB;O;-4 H,O, Na„B„O„- 10 H;O, CsB.,O,, and Mg;B„O¡;Cl) give little idea of the 
structure of the anions in these substances. The main structural principles of the 
borates are similar to those for silicates: cyclc or linear polyoxo anions, formed 
by the linking together of BO; and/or BO¿ units shared by oxygen atoms. 

In crystalline borates, the most common structural units are those shown in 
Fig. 12-1. Notice that the skeletal boron-oxygen units may be protonated to vary- 
¡ng degrees, and that the boron atoms are either tetrahedral or trigonal. Recall 
also the structure of the borate anion in borax, Structure 5-XXVIỊI. The largest 
discrete borate anion known is B¡sO¿7”, which consists of two tetraborate units 
linked by two BO; triangles. 

In awhydrous boraíøs, the BOš” and B;„Oš” ions are common, as is the infinite 
chain anion (BO/)?~, which occurs in Ca(BO,);. Planar BO; units are linked in 
three dimensions in the mineral tourmaline. Also common in minerals are net- 
works of B¿O?s and B„O¿~ linked by shared oxygen atoms. 

Hhydrated borafes contain polyoxo anions in the crystal, with the following im- 
portant structural features. 


1. Both BO; and tetrahedral BO¿ groups are present, the number of BO, 
units being equal to the charge on the anion. Thus KB;O;:4 H;O has one 
BO, and four BO:, whereas CazBgO;;:7 H;O has four BO/, and two BO; 
ØTOUps. 

9. Anions that do not have BO¿ groups, such as metaborate, B;O¿_, or meta- 
boric acid, B„O;(OH);, hydrate rapidly and lose their original structures. 
Also, although certain complex borates can be crystallized from solution, 
this does not constitute evidence for the existence of these lons In solu- 
tion, since other less complex polyoxo anions can readily combine dur- 
¡ng the crystallization process. 

3. Certain discrete as well as chain-polymer borate anions can be formed by 
the linking of two or more rings by shared tetrahedral boron atoms. 


Examples of many of these structural features are illustrated in Eig. 12-1. 


Boric Acid 


The acid B(OH)s can be obtained as white needles either from borates, or by hy- 
drolysis of boron trihalides. The B(OH); units are linked together by hydrogen 
bonds to form infinite layers of nearly hexagonal symmetry. The layers are 
3.12Á apart, and the crystals are readily cleaved along interlayer planes. Some 
reactions of boric acid are given In Fig. 12-2. 

When heated, boric acid loses water stepwise to form one of three forms of 
metaboric acid, HBO;. If B(OH); ¡s heated below 130 °C, the so-called form-IHII is 
obtained, which has a layer structure in which B;O; rings are joined by hydrogen 
bonding. Ôn continued heating of form-TI of HBO;, between 130 and 
150 °C, HBO,„-II is formed. This compound has a more complex structure con- 
taining both BO/ tetrahedra and B;O; groups in chains linked by hydrogen bonds. 
Finally, on heating of form-II above 150 °C, cubic HBO; (form-]) is obtaïned, in 
which all boron atoms are four coordinate. Complete fusion of boric acid gives the 
oxide B„O; as a glass. The melt readily dissolves metal oxides to give borate gÌÏasses. 
It also reacts with silica to give the borosilicate gÌass known as Pyrex. 
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Peroxo borates and 


Na[HB(OR):| borate peroxo hydrates 


NaHin THE B.O. 
B(OR); . NH,BE, —T + BE, 
NasOs 


alcohols 


h fusion with NH„HE; 
by alcohols, HạSO¿ 


Heat certain polyalcohols Acidic chelate 
<=  - “c—=— Bo... uc“. .ớ.. 
DU: thởng Lên complexes 


fusion with 


RCOCI metal oxides 


B(OCOR);: Borates 
Acyl borates 


Figure 12-2 Somec reactions of boric acid. 


Boric acid is readily converted to alkyl or aryl orthoborates, B(OR)s, by con- 
densation with alcohols in the presence of sulfuric acid. These compounds are 
usually colorless liquids that are converted, in ether solvents, by alkali metal hy- 
drides to the very useful reducing agents [HB(OR);]”. The reactivity and selec- 
tivity of the latter as reducing agents can be controlled by changing the R groups. 

Treatment of boric acid with sodium peroxide leads to peroxoborates, vari- 
ously formulated as NaBO;-4 H;O or NaBO;-H;O;-3 H;O, which are extensively 
used in washing powders because they afford H;O; in solution. For example, in 
solution there is the equilibrium shown in Reacton 12-3.1: 


[B(OH);(O;H)]" + H;O = [B(OH)¿]” + H;O; (123.1) 


Boric Acid and Borofe lons in Solufion 


Boric acid is moderately soluble in water, where it acts as a weak Lewis acid to- 
wards OH" 


B(OH); + H;O = B(OH)¿ + Hˆ pK=9.0 (12-3.2) 
The B(OH)¿ ion occurs in many borate-type minerals, but most borates (espe- 
cially those formed by fusion of boric acid with metal oxides) have complex 
structures such as the ring anion (Structure 12-1). Boric acid and borates form 
very stable complexes with 1,2-diols, as in Structure 12'H. 


Ï 
HO ` 4 ` na. ii 
mm. (8À —C” Nw 
ZÁ\ m—=/ “h / 
HƠ Ò—B_ mua 
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The concentration o£ boric acid can be determined by complexation with a diol 
such as glycerol (Reacton 12-3.3) 


HỌ QH N dt / 
B(OH);+2_ C—C——› H,O*+ | 3X | +2H,O (123.3) 
/NŒIA Ù. L7 vai 
⁄| \ 


followed by titration with NaOH. 
As noted previously, in concentrated solutons of boric acid, polyoxo borate 
anions are also present. These are formed, for example, as in equilibrium 12-3.4. 


2 B(OH); + B(OH)z = B;O„(OH)z + 3 HạO (12-3.4) 


Equllibria between various borate anions is rapidly established in aqueous solu- 
tion, as shown by rapid exchange between B(OH); labeled with !°O and borates. 
The larger polyoxo anions B;O¿(OH)z and B„O,(OH)2ˆ are formed at higher 
pH. In dilute solutions, however, depolymerization to the mononuclear species 
Occurs. Thus when borax is dissolved in dilute soluton, B(OH)z(aq) is formed. 


The Holides of Boron 
Triholides 


Đơrơn trjluoride 1s a pungent, colorless gas (bp —101 °C) that is obtained by heat- 
¡ng B;O; with NH„BE,, or with CaE; and concentrated H,SO,. It is commercially 
available in tanks. : 

Boron triuoride is one of the strongest Lewis acids known and reacts read- 
lly with most Lewis bases, such as ethers, alcohols, amines, or water to gIVv€ 
adducts, and with Fˆ to give the tetrafluoroborate ion, BE. The diethyletherate, 
(C2H;);OBl¿, a viscous liquid, ¡is available commercially. Unlike the other 
hahdes, BE; is only partially hydrolyzed by water: 


4 BE; + 6 H;O = 3 HạO” + 3 BF + B(OH)„ (19-4.1) 
BF¿ + H,O = [BF;OH]- + HF (1-4.9) 


Because of this, and its potency as a Lewis acid, BE; is widely used to promote var- 
1OUS OrgØanic reactions. Examples are 


1. Ethers or alcohols + acids —> esters + H,O or ROH. 

2. Alcohols + benzene —> alkylbenzenes + H,O. 

3. Polymerization of alkenes and alkene oxides such as propylene oxide. 
4. Friedel-Craftslike acylations and alkylations. 


In (1) and (2) the effectiveness of BF; must depend on its ability to form an 
adduct with one or both of the reactants, thus lowering the activation energy of 
the rate-determining step in which H,O or ROH šs eliminated by breaking of 
C——O bonds. In reactions of type (4), intermediates may be characterized at low 
temperatures. Thus the interacion of benzene and C;H,F proceeds as ¡in 
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Reaction 12-4.3. It is clear that BEs is not actually a catalÌyst, since it must be pr€- 
sent In stoichiometric amount and 1s consumed 1n removing HE as HBE,,. 


H tp 
GiiiẾP - BHE= —l@ff6)---r--2Bp—2°› +BF; 
— v= 
= C,H, + HBF, (12-4.3) 


Fluoroboric aœđ soludons are formed on đissolving B(OH); in aqueous HE 
B(OH); + 4 HE = HạO” + BF¿ + 2 HO (12-4.4) 


The commercial solutions contain 40% acid. Fluoroboric acid is a strong acid 
and cannot, of course, exist as HBF¿. The ion ¡s tetrahedral and fluoroborates re- 
semble the corresponding perchlorates ¡in their solubilidies and crystal struc- 
tures. Like ClIOx and PEF§, the anion has a low tendency to act as a ligand toward 
metal ions in 2g¿øs solution. In nonaqueous media, there is evidence for com- 
plex formation. 

Borơn trìchioride (bp 12 °C) and the ĐromZd¿ (bp 90 ®C) are obtained by direct 
interaction at elevated temperatures. They fume in moist air and are violently hy- 
drolyzed by water. 


BCI; + 3 HạO = B(OH); + 3 HCI (12-4.5) 


The rapid hydrolysis supports other evidence that these halides are stronger 
Lewis acids than BE. 


Redcltions of the Triholides of Boron 


As already mentioned, the boron trihalides are Lewis acids, and they readily 
react with Lewis bases to form adducts. Two other important reactions that we 
shall consider are halide exchange among the trihalides themselves, and the 
elimination of HX from adducts of the trihalides when an acidic hydrogen is 
available. 


Formation of Adducts with Lewis Bases 

Even the weakest of bases will form adducts with the trihalides of boron. 
Ethers, amines, phosphines, alcohols, anions, carbon monoxide, and the like all 
form adducts by donation of an electron pair to boron. The rehybridization of 
boron that accompanies adduct formation results in a loss in BX double-bond 
character, as shown in Fig. 12-3. When the Lewis donor is trinethylamine, tíc Œf 
thalpy change for adduct formation, as in Reacuon 12-4.6, 


BX;+:N(CH;), —> X;B:N(CH¿); (19-4.6) 


is most negative for BBr; and least negative for BF;. We would expect that the 
higher electronegativity of fluorine should enhance the stability of the trimethyl- 
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Figure 12-3  Thẹ rcaction 
Of a trigonal trihalide of 
boron with a Lewis base (:D) 
fO give a tetrahedral adduct. 
The rehybridization of boron 
that is required when :D dis- 
rupts the B—X 7 bond in the 
BX; reactant. 


amine adduct with BEF;. Since the enthalpy of adduct formation is least favorable 
with BE;, however, it is concluded that the loss in BX double-bond character 
upon rehybridization to form an adduct is greater with BF; than in the other tri- 
halides. From this we can conclude that the double-bond character in the tri- 
halides follows the order BE; > BCI; > BBr;, a trend opposite to that expected 
from the electronegativities of the halides. (Recall that the double bond in BX; 
results from donation o£ 7-electron density from X into an empty 2ø atomic or- 
bital of an s/”-hybridized boron atom. The £-bond system in these sorts of mole- 
cules was discussed in Section 3-6.) Evidently the -bond system in BE; is espe- 
cially strong because of effective overlap between the boron 2ø and the fluorine 
2ÿ atomic orbitals—overlap that is effective because of the closely matched en- 
crgies and sizes of the orbitals. The 3ø and 4ø atomic orbitals of Cl and Br have 
the proper symmetry for 7 overlap with the 2ø atomic orbital of B in the com- 
pounds BX;, but the # overlap is less effective because the energies and sizes of 
the donor orbitals (3ø for chlorine and 4ø for bromine) are not well matched 
to those of the 7-acceptor (2Ø) orbital of boron. 


Hahide Exchange Reactions Among the Boron Trihalides 
Mixtures of two đifferent trihalides of boron undergo exchange of halide as 
1lustrated in Reaction 19-4.7. 


BC]; + BBr; = BCI;Br + BBr,Cl . (12-4.7) 


The position oŸ equilibrium in Reaction 12-4.7 lies mostly to the left, bụt small 
amounts of the exchange products can be detected spectroscopically. The tri- 
fuoride undergoes halide exchange less readily than BBr; and BCI;. No inter- 
mediates have been detected, but it is reasonable to propose that the exchange 
involves the type of dimeric structure shown in Structure 19-III. Such a đimer 
would be similar to Al;Cl¿ (Structure 6-]). 


Br in: CI 


12-4 The Holides of Boron 327 


Equilibria of the type ïllustrated by Reaction 12-4.7 are established rapidly, 
and only small anounts of the exchange products can be detected. Attempts to 
isolate the exchange products from such systems are not successful because of 
the facile nature of the equlilibria. Thus, no pure mixed halide of boron is 
known. A concerted mechanism, as ïllustrated in Structure 12-IHIH, would be con- 
sistent with all of the facts as long as the new, bridging BX bonds that form the 
đimer are weak. 


Elimination Reactions of BX; Adducts 

When an acidic hydrogen is present in an adduct of B%X:, elimination of HX 
1s possible, as illustrated in the following reactions. Hydrolysis of BC]; by alcohols 
involves adduct formation followed by elimination o£ HCI as in Reaction 12-4.8. 


TẾ W%G.H,OH ——› ClBSØG¿H;+HGI (12-4.8) 


Stepwise addition and elimination eventually leads to complete solvolysis as in 
Reaction 12-4.9: 


BCI; + 3 CH;OH ——> B(OC;H,); + 3 HCI (12-4.9) 


The dimethylamine adduct of BCl; undergoes elimination of HƠI to give an 
aminoborane asin Reaction 12-4.10. 


(GH;)„NH:BClyạ ——> (GH;)¿N—BCI, + HCI (12-4.10) 


Aminoboranes, and in particular, the nature of the BN bond in aminoboranes, 
will be điscussed in Section 12-6. 


Subhclides of Boron 


A number of interesting subhalides of boron, in which the proportion of halo- 
gen to boron is less than 3:1, are known. The best character1zed are 


1. The gaseous monohalides BE and BCI. 

2_ The so-called monohalides of Cl, Br, and I: B„Cl„ (ø= 8, 9, 10, or 1Ì); 
B„Br„ (w= 7, 8, 9, or 10); and B„l„ (® = 8 or 9). 

3.-The diboron tetrahalides, B;„X„, X = F, Cl, Br, or I, although the last one 
has been little studied. 

4. Certain other fluorides: B;F;, BzF;, and BaaEF)a. 


All of these require special synthetic techniques to avoid reactions with alr, Water, 
and even hydrocarbon or silicone greases. For instance, the diboron tetrahalides 
are pyrophoric, water sensitive, and thermally unstable either at room tempera- 
ture (B,F,„, B„C1¿, or B;Brạ) or at the meltng point (B;L). The compounds have 
been characterized by mass spectrometry, and by IR and Raman Spectroscopies 
in the solid, liquid, and gas. Ín some cas€s (see below), structures have been đe- 
termined by X-ray crystallography. 

Boron monochloride, BCI, is produced when B;Cl¿ is passed rapidly through 
a quartz tube at 1000 °€. It is also obtained by electric discharge of B;Cl¿ at a cop- 
per electrode, at liquid nitrogen temperature. Boron monofluoride, BE, is pro- 
duced by passing BFs gas over boron at 1950-2000 °C. 
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Diborơn tetrafluoride (B›F¿) 1s made by fuorination of B¿CL, with either SbE; 
or TIE,¿. Also, condensation of BE together with BE; converts about 25% of the 
BF to B„F,. Triboron pentafluoride (B;EF;) is obtained by condensing BF with 
B;F,. Disproportionation of liquid B;E; at —30 ”C gives B,F¡¿, as In Reacton l2- 
4.11: 


4 BzF: ———: 2 B.,F¿ SF BgF)s (12-4.11) 


which may then be separated from B„;F¿ by fractonal distllation. 
Diborơn fetrachloride (B¿Cl,) 1s made from BCT; by radiofrequency discharge 
in the presence of mercury, as in Reacton 12-4.12. 


92 BCI, + 2 Hg —> B„CL, + Hg;Cl; (12-4.19) 


Thịs compound can also be made by condensation of gaseous B„O; with BCI; at 
—196 °€, as in Reaction 12-4.13. 


Condensation of BCI with BCI; at —196 °C gives B„Cl¿. Boron monochloride is 
produced when B;Cl¿ ¡s rapidly passed through a quartz tube at 1000 °€. It is also 
obtained from B;Cl, by electric discharge from copper electrodes at liquid nỉ- 
trogen temperatures. The thermal decomposition o£ B;Cl¿ at temperatures be- 
tween 100 and 450 °C gives a mixture of B„Cl„ compounds in which ø= 8, 9, 10, 
or l1, from which the individual compounds may be separated. The relative 
amounts of the varlous compounds produced by this method depend on the 
temperature used. Recently, Bạ¿X¿ molecules (X = H, CI, Br, or I, but not F) have 
been prepared by oxidation of BạXã” ions using sulfuryl chloride in CH,C],, 
starting with the salts [z-Bu,N];[B¿Xa]. 

Diboron tetrabromde (BaBr,) is made by radiofrequency discharge of BBr;(g) 
in the presence of Hg, or by treating B,Cl, with excess BBr;. It decomposes read- 
1ly at room temperature to produce B;Br;, BaBrạ, and B,sBr¡s. Reacton of BaClạ 
with Al;Brs in BBr; solvent at 100 °C affords B„Brạ. Through silent electric dis- 
charge, B;Br¿ gives BaBrạ and BBr;. 

Diborơn fetraiodide (Ba) 1s obtained by radiofrequency discharge of Bl¿. It is 
also produced (among other compounds) by reacting I„ with Zr(BH,)„ (tg. 
12-7). Above its melting point (92~94 °C), BI, decomposes to give B¿l¿ and B,l,. 

In the low-temperature crystal, both B;F„ and B,„Cl¿ are planar, with XBX an- 
gles close to 120”. In the case of B„Cl¿, the planarity in the crystal is evidently due 
to crystal packing forces that overcome the steric considerations that would oth- 
€rwise favor a staggered conformation. This can be deduced from the fact that 
in the liquid and the gas, the staggered conformation (Structure 12-IV) is pre- 
ferred, with a barrlier to rotation about the B—B bond of 1.85 kcal mol", There 
has been some disagreement over the liquid and gas phase structures of B;E,, 
but recendy Raman and IR analysis suggested that it is planar in the liquid and 
as too, with an exceedingly small barrier (< 1.1 kcal mol”) to rotation about the 
B—B bond. This is in agreement with theoretical calculations. 


X b.‹ 
` « 
B—B 
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In both B;Cl1¿ and B.F¿, the B—X bonds are somewhat shorter than 1s ex- 
pected from the sum of the single-bond covalent radii. This suggests a delocal- 
1zed 7-bond system as in Structure ]2-V. 


S X 
` ` 4 
6 
X XI 


Such a f-bond system, when conjugated across the B—B bond, should favor pla- 
nar geometry. Evidently, in the case of B„Cl¿ (though not for B;E¿), this is out- 
weighed by steric considerations that should favor the staggered form. 

The tetrahedral structure of B„Cl, (Structure 12-VI) has been determined 
by X-ray crystallography and by IR and Raman spectroscopy in the gas phase. 
Similarly, a dodecahedron forms the basis for the structure o£ BC]; (Structure 
12-VII), whereas BạClạ (Structure 12-VIII) is based on a tricapped trigonal 
prism. 


lỚi| 


' 
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12V. 


330 


12-5 


Chopter 12 /  Boron 


The Hydrides of Boron 
Boranes 


Boron forms an extensive series of molecular hydrides called öørznwss. Typical bo- 
ranes are B;Hạ, B„H¡ạ, BạH;;, B¡ạH;¿, and B;oH¡¿. Boranes were first prepared 
between 1912 and 1936 by Alfred Stock who developed vacuum line techniques 
to handle these reactive materials. Stock's original synthesis (the reaction of 
Mg:B; with acid) is now superseded for all bụt B;H¡¿. Most syntheses now involve 
thermolysis o£ B;H; under varied conditions, often in the presence of hydrogen. 

The properties of some boranes are listed In Table 12-1. The nomenclature 
that 1s used for boranes is straightforward: the number o£ boron atoms is indi- 
cated by the prefix, and the number of hydrogen atoms is indicated parentheti- 
cally. For example, B„H¡ạ is #zaborane( 10). 


Diborane(6) 

Diborane(6) (B;H¿) is a gas (bp —-92.6 °C) that is spontaneously flammable 
1n air and instantly hydrolyzed by H;O to H; and boric acid. It is obtained virtu- 
ally quantitatively in ether, at room temperature, by the reaction of sodium boro- 
hydride with BEs, as in Reaction 12-5.1. 


Laboratory quantides may be prepared by oxidation of sodium borohydride by 
lodine in diglyme, as in Eq. 12-5.2. 


2 NaBH, Tr l, —> B;Hẹ SE 2 Nal TE Hạ (12-5.2) 


Industrial quantities are prepared at high temperatures by reduction of BE; with 
sodium hydride. 


9 BF; + 6 NaH ——> B,H; + 6 NaF (12-5.3) 


Borane (BH;) has only a transient existence in the thermal decomposition of di- 
borane. 


2 B;H, = BH; + B„H, (12-5.4) 


Reactions of diborane are discussed later in Section 19-5. Note that diborane 
1s an extremely versatile reagent for the synthesis of organoboranes, which in 
turn are very useful intermediates in organic synthesis. Diborane is also a pow- 


erful reducing agent for some functional 8Toups, for example, aldehydes and or- 
ganic nitriles. 


Higher Boranes 

The heavier boranes (e.g., BạH¡ạ) are mainly liquids whose Hammability in 
air decreases with increasing molecular weight. One of the most important is de- 
caborane (B¡¿H;„), a solid (mp 99.7 °C) that is stable in air and only slowly hy- 
drolyzed by water. It is obtained by heating B;„H, at 100 °C and is an Important 


starting material for the synthesis of the B¡oHf anion and carboranes discussed 
later. 
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Structure and Bonding in the Boranes 

The structures of the boranes are unlike those of other hydrides, sụch as 
those of carbon, and are unique. A few of them are shown in Eig. 12-4. Observe 
that in none are there sufficient electrons to allow the formation of conventional 
two-electron bonds between all adjacent pairs of atoms (2c-2e bonds). There 1s 
thus the problem of electron deficiency. It was to rationalize the structures of bo- 
ranes that the earliest of the various concepts of multicenter bonding (Chapter 
3) were first developed. 


Figure 12-4  Thc structures of some boranes. 
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For diborane itself (3c-2e) bonds are required to explain the B—H—B 
bridges. The terminal B—H bonds may be regarded as conventional (2c-2e) 
bonds. Thus, each boron atom uses two electrons and two roughly søŸ orbitals to 
form (2c-2e) bonds to two hydrogen atoms. The boron atom in each BH; group 
sull has one electron and two hybrid orbitals for use in further bonding. The 
plane of the two remaining orbitals is berpendicular to the BH; plane. When two 
such BH; groups approach each other, as is shown in Eig. 12-5, with hydrogen 
atoms also lying in the plane of the four empty orbitals, wo B—H—B (3c-2e) 
bonds are formed. The total o£ four electrons required for these bonds is pro- 
vided by the one electron carried by each H atom and by each BH; group. 

We have Just seen that two structure-bonding elements are used in B;Hạ, 
namely, (2c-2e) BH groups and (3c-2e) BHB groups. To account for the struc- 
tures and bonding of the higher boranes, these elements, as well as three others, 
are required. The three others are (2c-2e) BB groups, (3c-2e) open BBB 
groups, and (3%c-2e) closed BBB groups. These five structure-bonding elements 
are conveniently represented in the following way: 


Terminal (2c-2e) boron-hydrogen bond B—H 
" 
(5c-2e) Hydrogen bridge bond B B 
(2c-2e) Boron-boron bond B=b5B 
Open (3c-2e) B—B—B bond B B 
B 
Closed (3c-2e) boron bond 6lGQ 
DĐ 


By using these five elements, W.N. Lipscomb was able to develop “semi- 
topological” descriptions of the structures and bonding ïn all o£ the boranes. 
The scheme is capable of elaboration into a comprehensive, semipredictive tool 
for correlating all the structural data. Figure 12-6 shows a few examples Of its use 
to depict known structures. 


Figure 12-5 A diagram showing the formation of 
two bridging (3c-2e) B—H——B bonds in diborane. 
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Figure 12-6  Valence descriptions of some electron deficient boranes 
using LipscomB's “semitopological” scheme. 


The semitopological scheme does not always provide the best description of 
bonding in the boranes, and related species such as the polyhedral borane an- 
lons and carboranes we shall discuss later. Where there is symmetry of a high 
order ¡t is often better to think in terms o£a highly delocalized MO description 
of the bonding. For instance, in B;H¿ (Fig. 12-4), where the four basal boron 
atoms are equivalently related to the apical boron atom, it is øøss¿Öle to depict a 


resonance hybrid involving the localized B B and B—B elements, namely, 
B B B B 
`. 1 ‹ 
"—— 
he ` 
B B B B 


but it 1s neater and simpler to formulate a set of seven five-center MO's with the 
lowest three occupied by electron pairs. When one approaches hypersymmetri- 
cal species such as B,;HŸ;, use of the full molecular symmetry In an MO treat- 
ment becomes the only practical course. 


Reactions of the Boranes 
The boranes undergo an Impressive variety of reacdons including oxidations 
to oxides, pyrolysis to higher boranes, attack by nucleopbiles and electrophiles, 
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reduction to borane anions, and reactions with bases such as OH” and NH:. In 
SOI€ CaS€S 1t IS useful to view at least the substitutions as being either reactions 
of terminal BH groups or o£ bridging BHB groups. We shall restrict our atten- 
tion to three 1llustrative systems: diborane(6), B„Hạ; pentaborane(9), B;H,; and 
decaborane(14), B;ạH;¿. 


Dibœrane(6), B„Hẹ. Controlled pyrolysis of diborane leads to most of the 
higher boranes. Reaction with oxygen is extremely exothermic. 


B;Hạ + 3O; ——> B;O; + 3 H;O AH=-2160 kJ mol} (13-5.5) 
Reaction of diborane with water 1s Instantaneous. 
B,Hạ + 6 HO ——> 2 B(OH); + 6 H; (12-5.6) 


Diborane ¡is also hydrolyzed by weaker acids (e.g., alcohols), as in Reaction 
12-5.7. 


B;H¿ + 6 ROH ——> 2 B(OR); + 6 H; (12-5.7) 
Reaction with HCI replaces a terminal H with C] 
B;Hạ¿ + HƠI —— B;H;CI + H; (12-5.8) 
and reaction with chlorine gives the trichloride, as in Reacton 12-5.9. 
B,H¿ + 6 Clạ ——> 2 BI; + 6 HƠI (12-5.9) 
The electron deficient 3c-2e BHB bridges are sites of nucleophilic attack. 
Small amines such as NH;, CH;NH;, and (CH;);NH give unsymmetrical cleav- 
age of diborane, as in Reaction 12-5.10. 
B,Hạ+2NH; ——> [H;B(NH;);]*[BH,„]" (12-5.10) 


The boronium ion products, [H;BLa¿] †_are tetrahedral, and can undergo substi- 
tution by other bases, as In Reaction 12-5.11. 


[H,B(NH;);]* + 2 PRạ —>› [H;B(PRạ);]*+2NH¿ (125.11) 


Large amines, such as (CH;)zN and pyridine, give symmetrical cleavage of dibo- 
rane, as in Reaction 12-5.12. 


The amine borane products from symmetrical cleavage of diborane are LewIs 
base adducts of BH;. Amine boranes will be discussed more in Section 12-6. 
Reduction of điborane can be accomplished with sodium 


9 B,H,+22Na —> NaBH, + NaBạH; (12-5.13) 


so 
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or with sodium borohydride 
B;H; Sp NaBH, =— NaB.H; TT H; (12-5.14) 


Reductions of diborane with sodium borohydride can also lead to higher borane 
anions, as In Reaction 12-5.15. 


2 NaBH, sp 5 B,HQ ——=—v Na„,B¡;H;; (12-5.15) 


The polyhedral borane anion B;;H?s has icosahedral geometry. Other polyhe- 
dral borane anions and carboranes will be discussed shortly. 


Pentaborane(9), B„Hạ. Pentaborane(9) has the structure shown 1n Fig. 12-4. 
The apical boron 1s bonded to a single terminal hydrogen atom, while each of 
the four basal borons 1s bonded to one terminal hydrogen atom and to two 
bridging hydrogen atoms. The relative electron deficiency in the basal plane is 
1llustrated by reaction of B;H¿ with base, as in Reaction 12-5.16. 


B,„Hạ + NaH ——> Na*B,H; + H, (12-5.16) 


Higher boranes are even more acidic than B;Hạ. The anionic product of 
Reaction 12-5.16 (Structure 12-IX) ¡s uxional (Section 6-6) due to rapid cycling 


of bridging hydrogen atoms. Thus the basal boron atoms are Indistinguishable 
using NMR techniques, as are the bridging hydrogen atoms. 

The relatively electron-rich apical BH group of pentaborane(9) is suscepti- 
ble to attack by electrophiles, as in Reaction 12-5.17. 


Decaborane(14), BuyHh„. The structure of decaborane(14) is shown in Fig. 
12-4. Four electron defcient bridging BHB groups cap the top of this icosahe- 
dral fragment, making this part of the molecule the preferred site for attack by 
nucleophiles. As for pentaborane (9), it is the bridging hydrogen atoms that are 
acidic. 


BịoH;¿+ OH_ ——> B¿H); + HO (12-5.18) 


Reduction by sodium converts two of the bridging hydrogen atoms at the top of 
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the molecule to terminal hydrogen atoms. 
BạcH;¿ 5E 2 Na —— Na;B¡oH›„ (12-5.19) 


Nucleophiles react to give 6,9-disubstituted products as in Reactions 12-5.20 to 
12-5.22: 


D5 L2CN/ CC bBI11,/CN n, (12-5.20) 
B¡oẴH¿ SE 2 CH:CN ———=+7 BạoH;;(NCCH;), su H; (12-5.21) 
B¡oHx¿ Sẽ 2) PR; —— B¡oH›;(PR:):; ẤP H; (12-5.22) 


In contrast to reactions with nucleophiles, decaborane(14) reacts with elec- 
trophiles to give 2,4+- or 1,3-disubstituted products. An example is shown in 
Reacton 12-5.23. 


B¡oẴHx 3 b ——>z 2,4+I,B¡oHì; SỊP H; (12-5.23) 


Charge distributon calculatons using MÔ theory Indicate that considerable ex- 
cess negative charge should be assigned to boron atoms Ì, 2, 3, and 4, with pos- 
itive charge assigned to the electron deficient positions elsewhere in the mole- 
cule. It is thus gratifying that experiments show consistently that only positions 
1, 2, 3, and 4 can be substituted electrophilically. 


The Tetrahydroborote lon (BH) 


The tetrahydroborate ion (BH) is the simplest o£ a number of borohydride an- 
lons. This ion is Of great importance as a reducing agent and as a source of H" lon 
both in inorganic and organic chemistry; derivatives such as [BH(OCH;);]” and 
[BH;CN]- are also useful, the latter because it can be used in acidic solutions. 

Borohydrides of many metals have been made and some repr€sentative syn- 
theses are: 


250C 


4NaH+B(OCH,),—ˆ““— NaBH, +3 NaOCH, ._. (125.34) 
NaH+B(OCH,),— “— NaBH(OCH,), (12-5.5) 

9 LiH+B,H,—“ “—› 2LiBH, (19-5.26) 
AICI,+3NaBH,——"°“—› Al(BH,),+3NaGl (125.27) 


UF,+2Al(BH,),————> U(H,),+2AIEBH, (125.28) 


The most important salt is NaBH¿. This is a white crystalline solid, which 1s sta- 
ble in dry air, and nonvolatile. It is insoluble in diethyl ether but dissolves In 
H,O, THE, and ethyleneglycol ethers from which it can be crystallized. 

Many borohydrides are ionic, containing the tetrahedral BH¿ ion. However, 
BH¿ can serve as a ligand, interacting more or less covalently with metal ions, by 
bridging hydrogen atoms. Thus in (Ph;P);CuBH, there are two Cu—H—B 
bridges, whereas In Zr(BH/)„, cach BH¿ forms three bridges to Zr, as shown in 
Fig. 12-7. These M—-H—B bridges are (3c-2e) bonding systems. 
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Figure 12-7 The structure of 
Zr(BH¿)¿. [Taken from Bird, P. H. and 
Churchill, M. R., J. Che. Soc., Chem. 
Commun., 1967, 403. Used with permis- 
sion. | 


Polyhedrol Borane Anions and Corboranes 


The polyhedral borane anions have the formula B„Hƒ~. The carboranes may be 
considered to be Ørmal derived from B„H- by replacement of BH- by the iso- 
electronic and isostructural CH. Thus two replacements lead to neutral mole- 
cules (B„ ;C;H„). Carboranes or derivatives with ø= 5ð to ø= 19 are known, in 
some of which two or more isomers may be isolated. Sulfur and phosphorus đe- 
rivatives can also be obtained, with PH”, for example, replacing CH or BH.. 
Geometrically, there are three broad classes of boranes or carboranes. 


1. Those in which the boron or boron-carbon framework forms a regular 
polyhedron. These are called cioso (Greek for cage) compounds. 


2. Those in which the boron or boron-carbon framework has the structure 
OÊ a regular polyhedron with one vertex missing. These are called zøo 
(nest) compounds. 

3. Those in which the boron or boron-carbon framework has the structure 
of a regular polyhedron with two vertices missing. These are termed 
arachmno (spider web) compounds. 


A systematic method for counting electrons and for organizing structures in 
these and other classes of compounds will be presented in Section 19-7. For now, 
cexamples of some important e/2so and øđø borane anions and carboranes are 
presented in Fig. 12-8. Structures of some other øø and arachno compounds 
have already been presented, for example øøB,Hạ and arachnoB.H¡o in Fg. 
J. 


B„H- Tons. The most stable and best studied ions are BW@fNfT, and B;:I1”., 
which can be synthesized by the reactions 
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150 °ŒC 
B,,H„„+2 R;ịN—————— 2(R,NH)' +B,;Hƒ +H, (12-5.29) 


150 ° 
6B,H, +2 RjN———› 2(R,NH}'+B„HP+11H, (125.30) 
The most important general reaction of the anions is attack by electrophilic 
reagents such as Br", C.H;Nš, and RCO”T, in strongly acid media. The B;gHƒ§ ion 
1s more susceptible to substitution than B,;HŸ. 


B,„_„C,H,„ Carboranes. The most important carboranes are 1,2- and 1,7-di- 
carba-c/oso-dodecaborane (B¡¿C.;H;;) and their Œsubstituted derivatives. The 1,2 
1somer may be obtained by the reactions 


B¡oẳH4 äE 2) R:S = B;oH;z(R›S)› ẤP H; (12-5.31) 
BịoH (R5) 2+ ECC CN =I26 HH /H1E+2R„S+IT, (195.35) 


On heating at 450 °C the 1,2 isomer rearranges to the 1,7 Isomer. 

Derivatives may be obtained from B¡gC;H;; by replacement of the CH hy- 
drogen atoms by Li. The dilithio derivatives react with many other reagents 
(Scheme 12-lI) where a selˆexplanatory abbreviation is used for B¡oH¡gÖ. 

B¡oH› BioHio BioHo 
I, CHạO 


ÔN Ca I—C©SsC—I HOH;C— C C—CH,OH 


BijHi Bis¿H BioHio 
Scheme 12-I 
An enormous number of compounds has been made, one of the main mo- 
tives being the incorporadon o£ the thermally stable carborane residues into 
high polymers, such as silicones, in order to increase the thermal stabiHd. 
Chlorinated carboranes can be obtained directly from B¡oC›H;¿É:. 


BạCŒ,H†;„ Carborane Anions. When the 1,2- and 1,7-dicarba-closơdodecabo- 
ranes are heated with alkoxide ions, degradation occurs to form IsomeriC z2 
carborane anions (B,C:;H1"›). 


BioOHis + C2H,O- + 2 O;H;OH = B,C;H1; + B(OCVH,)¿+H; (125.38) 


This removal of a BH” unit from B;sCzH¡; may be interpreted as a nucle- 
ophilic attack at the most electron-deficient boron atoms of the carborane. 
Molecular orbital calculadons show that the € atoms in carboranes have consid- 
erable electron-withdrawing power. The most electron-deficilent B atoms are 
those adjacent to carbon. In 1,2-B¡oC¿H;; these will be in positions three and six 
while in 1,7-B¡oC„H¡; they will be at positions two and three. 

While alkoxide ion attack produces only BạC;H1;, use of the very strong 
base NaH forms the BạC;HŸ; ions. 


BuC,H¡; + NaH = Na' + BạC;HŸ; + H; (19-5.34) 


The structures of the isomeric BạCaHf) ions are shown in Fig. 12-9. The BBGNG: 
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Ï 1 
4 2 
gi 2 
5 ` 
5 6 
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1i 


6 


BạHạ;ˆ”(B;C;Hạ) B¡oHio”(BạO;H¡ạ) Bị;H¡¡"(®đạ©;H;¡) 


(œ) 


SN: 
2< 


BịzHn;?(B¡oC¿Hh;) 


C;B„H; CạB;H; 
() 
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CB„Hìọ 


CBạH¡; 


C;B;H;; C;BạH; 


(c) 


Figure 12-8 The structures of selected boranes and carboranes. (2) The triangulated regular 
polyhedra, which serve as the framework structures for the c/oso borane anions, B„Hƒ”, and for 
the neutral, isoelectronic carboranes, CzB„ „H„. Conventional numbering schemes are indicated. 
Each vertex B or € atom is bonded to a terminal H atom, which is not shown. (j) Selected z4o 
carboranes. Note the presence of both terminal B—H (or C—H) groups and bridging B—-H——B 
groups in these 4o carboranes, as well as in the đo boranes shown in Fig. 12-4. () Selected. 
ørachno carboranes. Note, for the arzacbno carboranes shown here, as well as for the azøchmo bo- 
ranes shown in Fig. 12-4, the additonal presence of boron atoms bound to two terminal H 
atoms, namely, BH; groups. 


ions are very strong bases and readily acquire H” to give BạCaH¿. These, in turn, 
can be protonated to form the neutral zđø-carboranes BạC¿Hh;;, which are 
strong acids. 


+ + 
H _—H 
bBGm = H60 sẽ Hạ (12-5.35) 


Heating BạC;H;; gives yet another closocarborane (BạC;,H;¡) with loss of hydrogen. 


Metal Complexes oƒ Carbordne Awơns. The open pentagonal faces of the B,C;HŸ¡ 
ions (Fig. 12-9) were recognized by M. E. Hawthorne in 1964 to bear a strong re- 
semblance structurally and electronically to the cyclopentadienyl ion (C;H;). The 
latter forms strong bonds to transition metals, as we discuss in Chapter 29. 

Interaction of Na„B,C,H;¡ with metal compounds such as those of Fe?" or 
CoŸ#* thus leads to species isoelectronic with ferrocene, (GIH.,).Fe, or the 
cobalticinium ion, (C;H;);Co", namely, (BạC,H;,¡);Fe?~ and (BạC;H,;);Co”, re- 
spectively. The iron complex undergoes reversible oxidation like ferrocene: 


[(CzH;);Fe”"]* + e" = [(C;H;) T1 ải là (12-5.36) 
[(B¿G;H¡);zFe]” + e" = [(,G;H;;);Fe]?- (125.37) 
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Figure 12-9 The isomeric z¿ø1,2- and ø2đø-1,7-carborane anions (B,C„Hƒ?). 


The formal nomenclature for the BạC;„HŸ! ion and its complexes is unwieldy and 
the trivial name “đ?eœrboli;de” ion was proposed (from the Spanish øửz for pot, re- 
ferring to the potlike shape of the B„C; cage). 

The structures of two types of bis(dicarbollide) metal complexes are shown 
in Elg. 12-10. While some complexes have a symmetrical “sandwich” structure 
[Fig. 12-10(ø)] others have the metal disposed unsymmetrically. 

Einally, comparable with r\”-C;H;Mn(CO); (Chapter 29), there are mixed 
complexes with only one dicarbollide unit and other ligands such as CO, 
(C¿ÖH;) ¿C„, and C;H; [Fig. 12-10(2) ]. 


(xì (ñì 
Figure 12-10 . (ø) The general structure of bis(dicarbollide) 
metal complexes. () An example ofa mono(dicarbollide) com- 
plex of palladium. 
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Boron-Nitrogen Compounds 


Here we describe three types of B—N compounds, each o£ which is analogous to 
C—C compounds, but with some differences. Since the covalent radius and the 
electronegativity of carbon are each intermediate between those of B and N, it is 
to be expected that C— compounds wIll be similar to, but less polar than, thelr 
1soelectronic B—N counterparts. We shall consider amine boranes (analogous 
to alkanes), aminoboranes (analogous to alkenes), and borazines (analogous to 
benzenes). 


Amine Borones 


Ammne boranes are Lewis acid-base adducts containing a boron-nitrogen donor 
bond. Both boron and nitrogen are typically tetrahedral, and the B—N bond 
length is comparable to the C— bond lengths found in simple alkanes such as 
ethane. Amine boranes are formed by symmetrical cleavage of diborane or by re- 
actuon of anmmonium salts as in Reaction 12-6.1. 


[H;NR]CI + LBH„ —> RH¿N—BH; + LiCI + H„ (12-6.1) 


The B—N bond strength varies from one adduct to another. The weakest B—N 
bonds are represented as in Structure 12-X, where an arrow indicates a slight 
donor — acceptor interacton. More complete sharing of nitrogen electrons 
with boron is represented by Structure 12-XI, which is expected to be polar. 


ẲẲ,.. .--ˆ 
—N>B— —N—B— 
` x4. 

12% 12XI 


Steric hindrance can prevent the formation of some adducts, for example, 
2,6-dimethylpyridine with trimethylborane. Diadducts can be obtained, as in 
Reaction 12-6.2. 


B,H; + en —> K hiện (12-6.2) 
H,B BH; 


The chief reaction of amine boranes is elimination either o£ HX or of RH, to give 
aminoboranes. 


Aminoboroanes 


Aminoborznes are B—N compounds that are analogous to alkenes. Boron is trí- 
gonal in aminoboranes, and the three substituents at boron are planar, or very 
nearly so. TWo resonance forms may be written, Structures 12-XU and 12-XIHI. 


` 6 ` W2 
bB—\ “=1... 
⁄ ⁄ ä 


12H 12-XII 
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In most aminoboranes there is something less than a full double bond between 
boron and nitrogen, but in some cases high barriers to rotation about the B—N 
bond indicate that the B—N bond order exceeds I.0. The multiple bond in 
aminoboranes Is formed by overlap of atomic ø orbitals, as shown in Fig. 12-11. 
Average rotational barriers are lower in bis(amino)boranes, indicating competi- 
tọn between the two nitrogen 7£ donors for the empty ø orbital of boron. 
Rotational barriers are lower still for tris(amino)boranes. 

Aminoboranes are synthesized by reduction o£ammonium salts with tetrahy- 
droborate reagents as in Reaction 12-6. (followed by dehydrohalogenation of 
the intermediate amine borane), or by treatment of certain aminoboranes with 
Grignard reagents, as in Reaction 12-6.3. 


RN—BCI, + 2 RMgX ——> RạN—BR¿ + 2 MgXCI (12-6.3) 
The sequence of Reactions 12-6.4 to 12-6.6 serves as a useful example. 


(CH;);HN: + BClạ —> (CH;),HN—›BCI, (126.4) 
(CH;);HN-›BCl, —¬ (CH¿);N=—=BCI,+HCl (126.5) 
(CH;);N=BCI, + 2EtMgCl —> (CH;);Ñ=—BEt, 1+9 MgCl, (12-6.6) 


The chief reaction (other than substitution) of aminoboranes is condensa- 
tion to cyclic systems, as in the formation o£a dimer (Structure 19-XIV). 


R...CI 
R=<sNz#=údal 
GI— 5= 

Ó & 

12-XIV 


Condensation of aminoboranes to cyclic trimers, when accompanied by elimi- 
nation of either HX or RH, leads to the borazine derivatives. 


k> 
vẽ. 


Figure 12-IT The for- 
mation of a 7 bond in 
aminoboranes as a result 
of donation of electrons 
from a filled ø orbital on 
nitrogen to an empty ø 
orbital on boron. 
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Borozines 


One of the most interesting B—N compounds 1s 2øraz2z, BạN;Hạ (Structure 
12-XV). 


It has an obvious formal resemblance to benzene, and the physical properties of 
the compounds are similar. However, borazine is mụch more reactive than ben- 
zene and readily undergoes addition reactions, as in Reaction 12-6.7: 


B.N;H,+3HX —> (THạN—BHX—); X=Cl, OH, OR, and soon (126.7) 


which do not occur with benzene. Borazine also decomposes slowly and may be 
hydrolyzed to NH; and boric acid at elevated temperatures. Às with benzene, 7 
complexes with transidon metals may be obtained (Chapter 29); thus hexa- 
methylborazine gives compound 12-XVI: 


Borazine and substituted borazines may be synthesized by reactons such as 
12-6.8 to 12-6.11. 


ạ 
: xB- _ B,N,H, (12-6.8) 
C;H,CI HN NH NaBH, 
3 NH,CI + 3 BC]; Kê TP | | 
HA ` CH,MgBr 
G1 H C] B.,N,H,(CH,), (12-6.9) 
boil 
CH,NH+BCl, —_ 7 ClLB-NHạCH; (12-6.10) 
C,H,C] 


(mp 126-198 °C) 
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toluene 
3 G]:B - NH;CH; + 6(CH;);N 
l& 
_ bo) ch) co = 
6(CH.,);NHCI + | (12-6.11) 
H;ạC lì CHỊ: 
lØii 


(mp 153-156 °C) 


Electron Counlting for Boranes and Other Framework 
Subs†tances: Wade's Rules 


Ít is now instructive to review the structures of the numerous boranes and carbo- 
ranes, which, as noted earlier, fall into the c/øso, ø2đo, and arachno categories. The 
type of structure adopted by a particular compound has been shown to be re- 
lated to the number of electrons that are available in the compound for bond- 
¡ng within the polyhedral framework, that is, the number of “framework elec- 
trons.” Á way o£ correlating the number of framework electrons with structure 
was first articulated by K. Wade, hence the name “Wade's rules.” 


Wode's Rules œs Applied to Boranes and Cœrboroanes 


We start by defining the quantity # the number of electrons available for frame- 
work bonds, as in Eq. 12-7.1: 


F=3b+4c+ h+x— 2n (12-7.1) 


where 


b= the number of boron atoms 

c= the number of carbon atoms 

h = the number of hydrogen atoms 

= the amount of negative charge on the ion ¬ ¬ 
ø = the number of vertices, that is, ð+ c 


Note that x is deflined so as to be a positive quantity for anions. Thus the 

number of valence electrons available for the framework bonds (F) is the num- 
ber that remains after providing for ø exo-framework (2c-9e) terminal B—H or 
C—H bonds. 
RULET  When the value of Ƒ is cqual to the quantity (2ø + 2), the substance 
should have a zosø structure, that is, the framework gcometry 1s based on an ø 
Vertex, triangulated, regular polyhedron. 'This result is obtained for all of the bo- 
rane dđianions (B„Hƒ), for the carborane anions (CB„_¡H;), and for the neutral 
carboranes (C,B„ „H„), since substitution of£a BH" group by the isoelectronic 
CHÍ unit does not change the value of as delñned in ElG,. l7. le 

1Wwo examples readily illustrate this result. For BzHỆ, the value of FƑis 3 x 6 
+4x0+6+2—2x6= 14. Since the quantity (2ø + 9) is also cqual to 14, we 
have identified a đ/øsø situation. Similarly, for the carborane C,B„Hạ, we have 
#=3x4+4x2+6+0-—-2x6= 14. The structure for both BaHễ- and C,B„Hạ 


Ÿ\v am 


“qfãakgv£kté 


\ 


tá ệ-$ + 


\ 


\ 


\ 


Closo Nido Arachno 


Figure 12-12 The conversion o£ cøso polyhedral borane and heterob- 
orane frameworks to đo and azacno structures by removal of one or 
two vertices, respectively. Bridge hydrogen atoms are not shown 1n the 
mido and aracno structures, and BH; groups are not distinguished from 
B—H groups in the ørzchmo structures. The lines linking boron atoms 
are meant merely to illustrate cluster geOrmetry. [Reprinted with permis- 
sion from R. W. Rudolph, Acc. Chem. R2s., 9, 446 (1976). Copyright © 
(1976) American Chemical Society. ] 
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1s thus a six vertex polyhedron (namely, the octahedron), as shown in Figs. 
12-8(a) and 12-12. In cfoso compounds, the bonds to hydrogen are only of the 
terminal-type B—H or C—H, 2c-2e bonds. 


RULE 2 Whecn the value of #¡s cqual to the quantity (2ø + 4), the substance 
should have the øzø structure, that is, an (œ + l) vertex polyhedron, with one 
Vvertex missing, as Hlustrated in Fig. 12-12. 

For example, for B;H, the quantity is equal to 3x 5 +4x0+9+0—-92x 
5= 14. Since this is equal to the quantity (2ø + 4), the structure of B;H§ (Fig. 12- 
4) is that oFan (+ l) = 6 vertex polyhedron, with one vertex missing. This struc- 
ture is well illustrated in Fig. 12-12. A similar result is obtained for C.,B„H;. In 
đo compounds, there are B—H——B bridge bonds at those edges left open by 
the missing vertex atom. The other hydrogen atoms are bonded in the 2c-2e ter- 
minal fashion. It is characteristic, then, of 4o compounds that we find two types 
Of groups: z terminal B—H hydrogen atoms, and B—H—B bridges for the re- 
mainder. 


RULE 3 Whcn the value of Fis equal to the quantity (2z + 6), the compound 
falls Into the ørøchmo category, and the preferred structure is that of the (ø + 2) 
vertex polyhedron, with two vertices missing. 

The compound B„H¡o and the ion BạH;„ provide useful examples. For 
B„H¡¿, the quantity is equal to 3x 4+4x0+10+0—2x4= 14. This is cqual 
to the quantity (2ø + 6) and, as shown in Eig. 12-4, the structure is based on an 
(œ + 2) vertex polyedron, with two adjacent vertices missing (Fig. 19-12). For 
BaH1¿, the value o£ is 3 x 9 + 4x 0 + 14+ 1—2x9= 924, which ïs cqual to (2ø 
+ 6). The same value is obtained for CB;H;„. Both have a structure (F Ig. 12-12) 
based on a (9 + 2) = l1 vertex polyhedron, with two adjacent vertices missing. It 
1s characteristic of arøce»o compounds that we find hydrogen bound in three 
ways: B—H or C—H terminal bonds, B—H—B bridge bonds, and BH, ØTOUDS. 
The compound B;H;; (Fig. 12-4) provides another example. 


Descriptive Summơry of Reqgciions 


Ás a study aid, and as a means of summarizing the` chemistry Of this chapter, we 
present Figs. 12-13(z-o), which ïilÌustrate some of the key reactions for B(OR)¿, 
B(OH);, B;H¿, BCI;, and BEF;. The student should also note Fig. 12-1, as well as 
Study Question 12-3, in part B. 
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Na,[B,O;(OH),] - 8 H,O (Borax) —^> Na,B,O, 


| F 
B(OCR), H:O NH,BF, 
RCOCI 
B(OH); 
Na[HB(OR);] B 
M 
NaH = GiẾt 
HạO 
B(OR); h B,O, 
ROH O; 
B,Hẹ 


(2) 
Figure 12-13a 
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B;(CD;N;(H); N NG B.,N;H, 
B(OH), 
H 
vi TC cư =—=—=""-.... 
Thoa, ng 
+9ROH 
C;H;OH 
=i5(0 B ( OR) : 
+ROH 
“HC 
H 


CIẠB—NCHạ<————————*——>————————g(|, 


H 
(CH;)zN 


= (CHa) sNHQI 


B;(CI);N;(CH;); B BE; 


B,O, 
B;(C);N,H, 


() 
Figure 12-13b 
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F;B—OR 


F;BNR, BE,R, BFR;, BR, 


Na,B,O; PhN,'BFz 


B;O; 


(c) 
ure 12-13c 
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Study Questions 
A. Review 


I1. Draw the structure of the B12 tinit that is found in elemental boron. 


2. Draw the structures of the cyclic borate anion in K;aB;Os and the chain borate anion 
in Mg;B;O¿. Indicate the hybridization at each atom in these borate anions. 


How does boric acid ionize in water? How strong an acid is It? 

Why is the activity of boric acid increased by the addition of glycerol? 
How would one best prepare BE; in the laboratory? 

Why is BBr; a better Lewis acid than BEFs? 


`. 
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VỀ 
8. 
9. 


Draw the structure of diborane and describe its bonding. 
Give equations for one useful synthesis of điborane(6). 
How is sodium borohydride (or tetrahydroborate) prepared? 


B. Addifiondl Exercises 


1. 


10. 


11. 


12. 
13. 


14. 


Review each of the structures of the boron hydrides that have been presented in this 
chapter and decide whích can properly be thought of as a fragment of the icosahe- 
dron. 


-_ The borate anion, [B;O;(OH)„]", has one tetrahedral boron and four trigonal boron 


atoms, and has two six-membered rings. Draw the structure. 

Review the reactions of diborane and prepare the same sort of “reaction wheel” for 
it that has already been prepared for boric acid (Fig. 12-2). 

Explain why the barriers to rotation around the B—N bond in the following amino- 
boranes display the trend H;B(—NR;) > HB(—NR,); > B(—NR;)¿. 


-_Propose a structure for the anion B;H§ featured in Reactions 19-5.13 and 19-5.14. 
-- Draw the structure of the disubstituted product from the reaction of decaborane(14) 


with CƠN. 


-_ What are the hybridizatons and the geometries of the € and O atoms in the OrganIc 


đerivauves B(OR);, B(OCOR);, and B(OOR);? 


What ¡s the structure of the anion formed upon deprotonation of đecaborane(14)? 
Which are the acidic hydrogens in decaborane(14) and why? 


Predict the products of the following reactions: 


(a) BE; + OEt; (b) BF; + HO 

(c) BGI; + ROH (d) B;H¿ + HCI 

(e) B¡¿H;¿+NR; (Œ) B¡sH¡¿ +1; 

(g) LH+B,H, (h) NH„CI+ LiBH, 

()_ (CH;)¿N—BOQI; + C¿H;MgBr (j) B;N;Hạ + H;O 

(k) B;N;H; + HBr () (CI—B);(NH); + C;H;MgBr 


Suggest a series of reactions for the synthesis of 

(a) Borazine, beginning with boron trichloride. 

(b) Decaborane(14), starting with diborane. 

(c) [H;B(NMe;);]”, starting with diborane. 

(d) Diethylaminodichloroborane, Starting with BC. ` 
(ec)_Trichloro-Mtrimethylborazine, starting with BCI,. 

Suggest a reason for the greater reactivity of borazine than benzene towards addition 
of H3. 

Draw the structure of (Ph;P)„CuBH,. Carefully show the gcometry at P, Cu, and B. 
Consider the semitopological điagram of B;¡ạH;„ in Fig. 12-6. Account for all of the 
celectrons in the molecule by listing the number of each that is involved in (a) termi- 
nail BH groups, (b) bridging BHB groups, (c) open BBB bridge groups, (d) two-elec- 
tron BB bonds, and (e) closed BBB bonds. 

se Wade”s rules to classify each of the following. 


(a) BgHỆ" (j) B;H¿¿ 
(b) C;B„H; (k) C;B;H;; 
(c) B;Hẹ Œ) B,ạH 


(d) G.B;H; (m) B;H- 
(e) B„H¡ạ (n) C.,B;H¡o 
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15, 


16. 


t, 


18. 
19. 


() BaH1, (o) C2BạH;;. 

(g) B¡oH„ (p) C;B,H;; 

(h) B;H:; (q) Bạ,H;; 

(ÿ BH (£) BgGlyand BgGIỖ- 


The spectrum of B;F; suggests the presence of two types of F atoms in a ratio of 4:] 
and two types of B atoms in a ratio of 2:1. Suggest a possible structure for this com- 
pound using trigonal boron atoms onlÌy. 


The compound B;F¡; has four trigonal boron atoms and four tetrahedral atoms. 
Furthermore, there appears to be four terminal BE; groups and two bridging BE; 
groups. Suggest a plausible structure. 


Write equations for each of the following reactions. 

(a) Reaction of điborane with ammonia. 

(b) Reaction of diborane with HCI. 

(c) Reduction of boron oxide by Ee. 

(d) B(OH); + CH;COC] 

(e) Reduction of BFs with NaH. - 

(f) Reaction of BịoH;a with l;. 

(g) Hydrolysis of B;Ho. 

(h) B;H¿ + O, 

()_ Hydrolysis of BiC];. 

()_ Condensation of boric acid with ethanol. 

(k) Reaction of BCI; with chlorine. 

()_ Reduction of diborane with sodium. 

(m) Hydrolysis of diborane. 

(n) Reaction of BC]; with ethanol. 

(o) Thermolysis of boric acid. 

(p) B(OH); + NH„HF; 

Write out a stepwise synthesis, starting with borax, o£ Cl:B——OQ@;H;. 
Show how to make the following compounds from the given starting materials. 


(a) B;H; from BE; (g) BaClạ from B;ClLu 

(b) [CIB—NHỊ]; from BC]; (h) B(OG,H;); from B;Hạ 
(c) B(OCH;); from B(OH); ()  BCI; from BE; 

(đ) B;F¿ from B,Cl¿ 0) _ NaBH¿ rom B;Hẹ 

(e) B;„C from BI; (k) B;N;Hạ from BC]; 


(f)_B„CL rom BC]; 


C. Problems from the Literoture of Inorganic Chemisiry 


1: 


Consider the paper by R. W. Parry, R. W. Rudolph, and D. F. Shriver, Inørg. Chem., 

1964, 3, 1479-1483. 

(a)_ Write balanced equations for the symmetrical and unsymmetrical cleavage reac- 
tions of tetraborane(10) by a general nucleophile, L. 

(b) Write balanced equations for the symmetrical and unsymmetrical cleavage reac- 
tions o£ tetraborane(10) by NaBH,. 

(c)_ Write the balanced equations for the symmetrical and unsymmetrical cleavage of 
tetraborane(10) by NaBD,„, and account for the predicted percentage of D label 
in the products for cach case. 
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(d) Why have the authors so carefully argued against “exchange” in such reactions 
or among the reaction products? 

(e) What are the products of the cleavage of tetraborane(10) by NH;ạ? 

Consider the comparison of amine boranes and borazines made by O. T. Beachley, 

jr., and B. Washburn, ?zơng. Chem., 1975, 1, 120—123. 

(a) Write balanced chemical equations to represent the reactions that were em- 
ployed to synthesize 
() H;CIB-N(CH;); and H;BrB-N(CH;)¿H 
(¡) HạCH;B-N(CH;); and H,CH;B-N(CH.),H 
G1) H;(CN)B-N(CH;); and H;(CN)B-N(CH;);H 

(b) Draw the Lewis diagram for each adduct mentioned in (a). 

(c)_ What reaction takes place between HgBr; and (¡) H;B-N(CH;);; (ii) H;B,N.H,? 

(d) What reaction takes place between AgCN and (¡) HạBạN;H, at 0 °C (ii) 
H;B-N(CH;)s at 130 °C? 

(e) What mechanistic interpretation do the authors gIve to the facts in (c)? 

Œ) How do 7- and Ø-bond effects combine in the borazine ring to make the BH 
group sufficiently hydridic to react with HgCl;? 

(g) What suggestion do the authors make to explain the facts in (d)? 

Methylation at boron of the đoso-carborane, 2,+C.B,H;, has been studied by J.E. 

Ditter, E.B. Klusmann, R.E. Williams, and T. Onak, mơ. Chem., 1976, 15, 

1063-1065. 

(a) When methylaton was performed with methylchloride in the presence of an ex- 
cess of AlCl;, which boron atom(s) was methylated to give (¡) CH;C;B;H, via 
monomethyladon (¡) (CH;);C;B;H; via dimethylation (ii) (CH.);C.B,H¿ via 
trưnethylation? 

(b) What do the facts in (a) suggest about the relative availability of electrons (as 
Judged by readiness to react with electrophilic reagents) at the different boron 
atoms in C.B;H„? 

(c) How does its position in the cage influence the electron availability at a boron 
atom, according to these authors? 

Although borazine, the inorganic analog of benzene, was known as early as 1926, a 

similar B——P cyclic trimer was not reported until 1987. Read the subsequent account 

of the compound by H. V. Rasika Dias and P. P. Power, J. Am. Chem. Soc., 1989, 111, 

144-148, and answer the following questions. . 

(a) What synthetic method was used for the title compounds? 

(b)  What mechanisms are proposed for formation of the compounds? 

(c) For the compound (MesB—PŒ,H,);, what is the significance of the planarity of 
the ring atoms and the six substituent carbon atoms? 

(d) What other structural data suggest a considerable amount of B—P double-bond 
character in the rings? 

Read the article on synthesis of B„HỆ” and B,„H,, by J. R. Wermer and S. G. Shore, 

Tmorg. Chem., 1987, 26, 1644-1645. 

(a) Write equations for the syntheses reported here of B;HỆ~ and B,H¡¡, Starting 
with B;H. 

(b) Use Wade”s rules to classify the structures of the above three compounds. 

(c) How do the structure and chemistry of B;,Hệ compare with those of B;Hạ? 

Read the article by T. Davan and J. A. Morrison, Tmơrg. Chem., 1986, 25, 2366-9379. 

(a) What is the overall stability order found for the polyhedral boron chlorides? 
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(b) How does this stability order differ from that for the polyhedral borane anions, 
B,H?? 

(c)_ What difference is there between the two classes of compounds insofar as Wade”s 
rules are concerned? 
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Chabter 13 


THE GROUP IIIB(13) 
ELEMENTS: ALUMINUM, 
GALLIUM, INDIUM, 
AND THALLIUM 


13-1 


Introduction 


Aluminum šs the commonest metallic element in the earth”s crust and OCCUFS in 
rocks such as felspars and micas. More accessible deposits are hydrous oxides 
such as bauxite (Al,Os;-ø HạO) and cryolite (NazAlF¿). The elements Ga and In 
Occur only in traces in Al and Zn ores. Thallium, also a rare elemen, 1S reCOVv- 
ered from flue dusts from the roasting of pyrite and other sulfide ores. 

Aluminum metal has many uses and some salts, such as the sulfate (~10Ẻ 
kg/year in the USA), are made on a large scale. Gallium finds some use ïn solid 
state devices as GaAs. Thallium is used mainly as the TH” carboxylates in organic 
synthesis. | 

The position of the elements and their relation to the Sc, Y, La group 1s dis- 
cussed in Chapter 8, where Table 8-3 gives some important properties of the el- 
emen1s. 

The elements are more metallic than boron, and their chemistry in com- 
pounds is more ionic. Nevertheless, many of the compounds are on the border- 
line of ionic-covalent character. All four elements give trivalent compounds, but 
the univalent state becomes increasingly important for Ga, In, and TÌ. For TÌ the 
two states are about equally important and the redox system TÌ-TI” dominates 
the chemistry. The TÌ” ion is well defined ïn solutions. 

The main reason for the existence of the univalent state is the decreasing 
strengths of bonds in MX;; thus, for the chlorides, the mean bond energies are 
Ga(242), In(206), and T1(153) kJ moÏl"!, Hence, there is an increasing drive for 
Reaction 183-].] to OCCUF. 


MX¿=MX +X; (13-1.1) 


The compounds o£ MX; or MR; resemble similar B%X„; compounds in that 
they are Lewis acids, with strengths decreasing In the order B > AI > Ga > In ~ TÌ. 
However, while all BX; compounds are planar monom€rs, the halides of the 
other elements have crystal structures in which the coordinadon number 1s In- 
creased. Coordination numbers of four occur in bridged dimers such as CI,Al(u- 
Cl)„AIC1; and (AIMe;);, whereas with bulky ligands, monomeric three-coordi- 


nate compounds may be formed, Íor example, Ga(SR);, where AÁr = 


_— 
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2,4,6-/-BuQ,H;. Adducts of the Lewis acids MX:; can be fñve-coordinate, an ex- 
ample being (Me;N);AlH;. 

Each of the elements forms an aqua ion, [M(H;O)g¿]”*, and gives sinple salts 
and complex compounds, where virtually all of the metals are octahedrally co- 
ordinated. 


Occurrence, Isolalion, and Properlies of the Elemenis 


Aumwwwm 1s prepared on a vast scale from bauxite, Al,O;-z HạO (»ø= 1-3). This 
1s purified by dissoluton in aqueous NaOH (giving AI(OH)+), ñltration to re- 
move Fe and other insoluble hydroxides, and finally by precipitation of 
AI(OH);-3 H;O on cooling. The dehydrated product is dissolved in molten cry- 
olite and the melt at 800-1000 °C is electrolyzed. Aluminum is a hard, strong, 
white metal. Although highly electropositive, it is nevertheless resistant to corro- 
sion because a hard, tough film of oxide is formed on the surface. Thick oxide 
films are often electrolytically applied to aluminum, a process called anodizing; 
the fresh films can be colored by pigments. Aluminum is soluble in dilute miỉn- 
eral acids, but is “passivated” by concentrated HNO;¿. If the protective effect of 
the oxide film is broken, for example by scratching or by amalgamation, rapid 
attack can occur even by water. The metal is readily attacked by hot aqueous 
NaOH, halogens, and various nonmetals. 

The elements Ga, In, and TÌ are usually obtained by electrolysis of aqueous 
solutions of their salts; for Ga and In this possibility arises because of large over- 
voltages for hydrogen evolution of these metals. These elements are soft, white, 
comparatively reactive metals, dissolving readily in acids. Thallium dissolves only 
slowly in H;SO, or HƠI, since the TỶ salts formed are only sparingly soluble. 
Gallium, like AI, ¡is soluble in aqueous NaOH. The elements react rapidly at 
room temperature (or on warming) with the halogens and with nonmetals such 
as sulfur. 


Oxides 


The only oxide of aluminum is zzz¿na (AI,O,). However, this simplicity is com- 
pensated by the occurrence of polymorphs and hydrated materials whose nature 
depends on the conditions of preparation. There are two forms of anhydrous 
Al:O;: œ-Al,O; and +-Al,O.. Other trivalent metals (e.g., Ga or Fe) form oxides 
that crystallize in these same two structures. Both have close-packed arrays of 
oxide lons but differ in the arrangement of the cations. 

Œ-Al,O; is stable at high temperatures and also indefinitely metastable at low 
temperatures. Ít occurs in nature as the mineral corundum and may be prepared 
by heating y-Al¿O; or any hydrous oxide above 1000 °C, Garmnma-Al:O: ¡is ob- 
tained by dehydration of hydrous oxides at low temperatures (~450 °C). Alpha- 
Al2O; is hard and is resistant to hydration and to attack by acids. Gamma-Al,O, 
readily absorbs water and dissolves in acids; the aluminas used for chromatogra- 
phy and conditioned to different reactivities are T-Al:O;. Large quantities of 
œAl,O; are used in industry as a support material for heterogeneous catalysts. 

There are several hydrated forms of alumina of stoichiometries from 
AIO-OH to AI(OH);. Addition of ammonia to a boiling solution of an aluminum 
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salt produces a form of AIO-OH known as ởøejzmz. A second form o£ AlO-OH 
OCCurs in nature as the mineral đ;zsøør. The true zyđrox¿đ¿, AI(OH)¿, is obtained 
as a crystalline white precipitate when CO; is passed into alkaline “aluminate” so- 
lutons. 

The oxides of Ga and In are similar, but TÌ gives only brown-black TÌ;O;, 
which decomposes to TI:O at 100 °C. 

The elements form ?4x⁄£đ øxid¿s with other metals. Aluminum oxides con- 
taining only traces of other metal ions Include ruby (Cr”') and blue sapphire 
(Fe?+, FeŸ*, and Ti?). Synthetic ruby, blue sapphire, and white sapphire (gem- 
quality corundum) are manufactured in large quantities. Mixed oxides contain- 
ing macroscopic proportions of other elements include the minerals s#/wé/ 
(MgAl;O¿) and erysoðzryi (BeAl;O,). The s#w2Ÿ srucfzre (Section 4-8) 1s Impor- 
tant as a prototype for many other M”M?”O¿ compounds. Compounds such as 
NaAlO,, which can be made by heating AlzO; with sodium oxalate at 1000 °C, 
are also lonic mixed oxides. 


Holides 


All four halides of each element are known, with one exception. The compound 
TII;, obtained by adding iodine to thallium(D iodide, is not thalliun(HT) iodide, 
but rather thallium(1I) triodide, THÍ(1;). Thìs situation may be compared with the 
nonexistence of iodides of other oxidizing cations, such as Cu?? and Fe", except 
that here a lower-valent compound fortuitously has the same stoichiometry as 
the higher-valent one. The coordination numbers o£ the halides are shown in 
Table 13-1. The fluorides of AI, Ga, and In are ionic and high melting (>9ð0 °€), 
whereas the chlorides, bromides, and iodides have lower melting points. There 
is some correlation between melting points and coordination number, since the 
halides with coordination number four consist of discrete dinuclear molecules 
(Fig. 13-1) and the melting points are low. Thus, the three chlorides have the 
following melting points: AICI;, 193 °C (at 1700 mm Hg); GaC];, 78 °C; InCl;, 
586 °C. In the vapor, aluminum chloride is also dimeric so that there 1s a radical 
change of coordination number on vaporizaton. The dimer structures persist In 
the vapor phase at temperatures close to the boiling points but at higher tem- 
p€eratures dissociation occurs, giving triangular monomers analogous to the 
boron halides. 

The covalent halides dissolve readily in nonpolar solvents such as benzene, 
in which they are dimeric. As Fig. 13-1 shows, the configuration of halogen atoms 
about each metal atom is distorted tetrahedral. The formation of such dimers is 
attributable to the tendency of the metal atoms to complete their octets. 


Toble 13-1 Coordination Numbers of Metal Atoms in Group HIB(13) Halides 


AI 6 6 4 4 
Ga 6 4 4 4 
In 6 6 6 4 
TI 6 6 4 
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Figure T3-Ï The structures of Al,Br¿ and In;l,. 


The thaHlium(IH) halides vary considerably in thermal stability. Although 
TIHEs is stable to 500 °C, TICI; loses chlorine at about 40 °C forming TICI, while 
TIBr; loses Br¿ at even lower temperatures to give first “IIBr;,” which is actually 
TTTTT “buyt 

The trihalides (fluorides excepted) are strong Lewis acids, and this is one of 
the most important aspects of their chemistry, as well as that of other MR: com- 
pound, such as the alkyls and AIH;. Adducts are readily formed with Lewis bases 
(ncluding halide ions). The dimeric halides are cleaved to give products such as 
C1;AIN(CH;); and AICI. 

Aluminum chloride and bromide especially are used as catalysts 
(Friedel-Crafts type) in a variety of reactions. The formation of AICI2 or AlBr¿ 
lons is essential to the catalytic action, since in this way carbonium ions are 
formed (Reaction 13-4.1). 


RCOCI + AICI; = RCO† + AlCl¿ (ion pAIr) (13-4.1) 
and made available for reaction as in Reaction 13-4.2. 


RCO' + CạH¿ — [RCOC¿H,]* —› RCOCgH,+H* (134.9) 


The Aqud lons, Oxo Solts, and Aqueous Chemistry 


The elements AI, Ga, In, and TI form well-defined octahedral aqua Ions, 
[M(H;O)¿]”*, and many salts Containing these ions are known, including hy- 
drated halides, sulfates, nitrates, and perchlorates. Phosphates are sparingly sol- 
uble. 


Ín aqueous solution, the octahedral ions [M(H,O)gs]?' are quite acidic. For 
Reaction 13-5.1 


[M(H;O)¿]”" = [M(H;O);(OH)]?* + H* (13-5.1) 


the constants are K (AI), 1.12 x 10; (Ga), 2.5 x 10; K (In), 9 x 10 and 


, 


&K,(TÌ), ~7 x 10. Although litle emphasis can be placed on the exact numbers, 
the orders of magnitude are important, for they show that aqueous solutions of the 
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MỸ” salts are subject to extensive hydrolysis. Indeed, salts of weak acids (sulfides, 
carbonates, cyanides, acetates, and the like) cannot exist In contact with water. 


In additon to this hydrolysis reaction there is also a đimerizatlon as 1n 
Reacton 13-5.2. 


2 AIOH*(aq) = [AI;(OH);]”*(aq) K=600 M"` (30 °C) (13-5.2) 


More complex species of the general formula AI[AI;(OH);] "+ have alsO 
been postulated and some, such as [AlzO,(OH);„(H;O);;]”? and its gallium 
analog, have been identified ïn crystalline basic salts. 

An important class of aluminum salts, the ø¿zs, are structural prototypes 
and give their name to a large number of analogous salts formed by other ele- 
ments. These salts have the general formula MAI(SO,);-12 H;ạO in which M is 
practically any common univalent, monatomic cation except Lï”, which 1s too 
small to be accommodated without loss of stability of the structure. The crystals 
are made up of [M(H;O)¿]”, [AI(H;O)¿]Ÿ*, and two SOT” ions. Salts of the same 
type, M'M!(SO,);z-12 HO, and having the same structures, are formed by other 
M”” ions, including those of Ti, V, Cr, Mn, Fe, Co, Ga, In, Rh, and Ir. All such 
compounds are referred to as alums. The term is used so generally that those 
alums containing aluminum are redundantly designated aluminum alums. 

Aluminum ions and complexes are environmentally important. The leach- 
ing of AI?* from silicate rocks by acid rain leads to high concentratons in lakes. 
Such high concentratons are toxic to aquatic life. Although senile dementia 
(Alzheimer's disease) may have a genetic origin, a symptom is the accumulation 
of aluminum complexes in the brain. The AlỶ” ion is known to bind to iron sites 
in human serum transferrin (Chapter 31), and citrates, which occur in blood 
plasma, lactates, and other complexing agents may be involved. 

Thallium carboxyÌates, particularly the acetate and triluoroacetate, which can 
be obtained by dissolution of the oxide in the acid, are extensively used 1n Or- 
ganic synthesis. The trifluoroacetate will direcdy thallate (cf. mercuration, 
Chapter 29) aromatic compounds to give aryl thalum ditrifluoroacetates [e.g., 
C¿H„T1(OOCCE;);]. It also acts as an oxidant, for example, by converting para 
substituted phenols into #quinones. 

The hydroxides of aluminum and gallium are amphoteric: 


Al(OH);(s) = AI?* + 3 OH-~ K=5x10% (13-5.3) 
Al(OH);(s) =AlOsg+H'+HạO  K~4x10' (13-5.4) 
Ga(OH)s;(s) = Ga?* + 3 OH-~ K>5x10” (13-5.5) 
Ga(OH);(s) =GaOs+H'+H,O K=10'”'” (13-5.6) 


Like the oxides, these compounds also dissolve in bases as well as in acids. By 
contrast, the oxides and hydroxides of In and TÌ are purely basic. According to 
Raman spectra, the main aluminate species from pH 8 to 12 appears to be an 
OH bridged polymer with octahedral AI, but at pH > 13 and concentrations 
below 1.5 M the tetrahedral Al(OH)x ion is present. Above 1.5 Äƒ there Is con- 
densation to give the ion [(HO);AIOAI (OH);]?”. This occurs in the crystalline 
salt K;[Al¿O(OH)¿] which has an angular Al—O—AI bridge. 
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Coordindtion Compounds 


The trivalent elements form four-, five- and six-coordinate complexes, which may 
be cationic, like [AI(H;O)¿]?* or [AI(OSMe,)¿]??; neutral, for example, 
AICI;(NMe;);; or anionic, like [AIF¿]Ÿ- and [In(NCS)g]-. 

One of the most important salts is eryo#e, whose structure (Eig. 13-2) is 
adopted by many other salts that contain small cations and large octahedral an- 
ions and, with reversal of cations and anions, by many salts of the same type as 
[Co(NH;)¿]I;. It is closely related to the structures adopted by many compounds 
Of the types M)[AB¿]?”~ and [XY;]?*Zz. The last two structures are essentially the 
fuorite (or antifluorite) structures (see Fig. 4-l), except that the anions (or 
Catlons) are octahedra whose axes are oriented parallel to the cube edges. The 
relationship of the two structures can be seen in Fig. 13-2, since the Na” ions 
have been indicated by both open © and marked @ circles. If all of the marked 
circles (one at the center and one on cach of the cube edges) in Fig. 13-2 are re- 
moved, the cryolite structure reduces to the M§[AB,]?®” fluorite-type structure. 

Many of the important octahedral complexes are those containing chelate 
rings. Some typical structures contain ÿ-diketones, pyrocatechol (Structure 
13-Ù, dicarboxylic acids (Structure 13-II), and 8-quinolinol (Structure 13-II]). 
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The neutral complexes are soluble in organic solvents, but insoluble in WAI€T. 
The acetylacetonates have low melting points (<900 °C) and vaporize without de- 


Figure 13-2 The cubic structure of cryolite 
(Na;AIF§). 
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composition. The anionic complexes are isolated as the salts of large univalent 
cations. The 8-quinolinolates are used for analytical purposes. 

The four elements form øÌ#ox¿iøs, but only those of aluminum and gallium 
are important. The isopropoxide of aluminum is widely used in organic chem- 
istry to catalyze the reduction of aldehydes and ketones by alcohols or vice versa 
(Meerwein-Ponndorf-Oppenauer-Verley reactons). Alkoxides can be made by 
Reactions 13-6.1 and 13-6.2. 


1% HgClo as 
Al+3 ROH (RO),Al+‡$H, (13-6.1) 
catalyst, warm 
ROH 
AICI, +3 RONa——— (RO); Al+3 NaCl (13-6.2) 


The /##butoxide has the dimeric structure typical o£ M;(OR)s compounds 
both in the crystalline form and in solution (Structure 13-IV). The commonly 
used isopropoxide has different oligomers, one o£ which is the tetramer shown 
in Structure 13-V. This compound can be regarded as an AI” ion coordinated 
by three [AI(OR)„]' groups. Other alkoxides normally form dimers and 
trimers, but where R groups are very bulky, three-coordinate monomers can be 
formed. | 
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Terminal and bridging alkoxyl groups can be distinguished by nmr $p€Ctra. 
Other alkoxides form dimers and trimers. 


Hydrides 


The salts containing the tetrahedral anion AIHz, which is similar in some ways tO 
BH¿, are important hydrides of AI. Gallium also forms a tetrahydrido anion. The 
thermai and chemical stabilides of these tetrahydrido anions vary with the abil- 
1ty of the MH;: groups to act as an Hr acceptor, as in Reaction 13-7.1. 


MH; +H-=MH¿ (150/80) 


The order is B > AI > Ga. Thus LiGaH„ decomposes slowly even at 25 “C to LH, 
Ga, and H; and is a milder reducing agent than LiAIH¿. Similarly, although BH¿ 
is stable in water, the Al and Ga salts are rapidly and often explosively hydrolyzed 
by water. 
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MH¿ + 4 H,O = 4 Hạ + M(OH); + OH- (5) 


The most important compound is ươm ferahydridoalumina#, which is 
widely used in both organic and inorganic chemistry as a reducing agent. It ac- 
complishes many otherwise tedious or difficult reductions, for example, 
—CO,H to —CH;OH. It is a nonvolatile, crystalline solid, which is white when 
pure but is usually gray. It is stable below 120 °C and ¡is soluble in diethyl ether, 
THE, and glymes. 

Both aluminum and gallium salts are made by reaction of the chloride with 
lihium hydride, as in Reaction 13-7.3. 

; (C;H; );O : : 
4 LH+MOI;———————› LMH, +3 LiCI (13-7.3) 
The sodium salt can be obtained by direct interactions of the elements, as in 
Reaction 13-7.4. 


Na+Al+8H,———""——›NaAlH, (13-7.4) 


150 °C 2000 psi 


The addidon of toluene precipitates NaAIH, which can be converted to the 
lithium salt by recrystallization from ether in the presence of LICT], as in Reaction 
13-7.5. 


NaAIH, +LiCI—'““5>Đ_› NaCI(s)+ LiAIH, (187.5) 


Donor Adducts of the Hydrides 


There is an extensive range of complex hydrides that may be regarded as arising 
from the Lewis acid behavior of the MH; fragments. These adducts may be 
formed with donor molecules (e.g., NR; and PR;) or with anions (GzØ, ẤT ) asin 
Reaction 13-7.3 above. The various adducts are sumilar to the borane adducts, 
the stability order being B > Al > Ga. The most studied adduets are the trialkyl- 
amine alanes (alane = AIH,). Trimethylamine in ether, at room temperature or 
below, gives both 1:1 and 1:9 adducts, as in Reactions 13-7.6 through 13-7.9. 


Me;N—AICl; + 3 LiH ——> Me;N—AIH, + 3 LiCI (13-7.6) 
MeNH'CT + LiAIH, —> Mey¿N—AIH;+LiCl+Hy (137.7) 

3 LANH, + AICH, +4 NMe; —› 4MeyN—AlHạ+3LiCl - (13748) 
Me;NAIH; + MeyN ——› (Me;N),AIH, (13-7.9) 


The monotrimethylamine alane adduct is a white, volatile, crystalline solid (mp 
7ð °G), that is readily hydrolyzed. It is monomeric and tetrahedral. The bịs 
amine product of Reaction 13-7.9 ¡s trigonal bipyramidal, with axial N atoms. 
1etrahydrofuran also gives both a 1:1 and a 9:] adduct, but ether, presumably for 
St€rIC reasons, forms only a mono adduct. 

Similar monoamine gallane adducts exist. These have strong Ga—H bonds, 
making them less sensitive to hydrolysis than are the aluminum analogs. The di- 
amine adduct (Me;N);GaH; is stable only below —60 °C. 
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Lower Valen†t Compounds 


Since the outer-electron configuration is ø=s°nÐ`, univalent compounds are, in 
principle, possible. Aluminum forms such species only at high temperature ín 
the gas phase, for example, 


AICI;(s) +9 Al(s) => 3AICI(g) (138.1) 


Some gallium(I) and indium(I) compounds are known. The so-called 
dichloride “GaCl;” is actually Ga![Ga”"CL,]. 

Thallium has a well-delñned unipositive state. In aqueous solution it is dis 
tỉnctly more stable than TỪ” 


TÌ”+2e =TI" E°sedl\q25 0V (13-8.2) 


The TI” ion is not very sensitive to pH, although the TỶ” ion is extensively 
hydrolyzed to TIOHZ" and the colloidal oxide, even at pH 1-2.5. The redox po- 
tential is, hence, very dependent on pH, as well as on the presence of complex- 
ing anions. For example, the presence o£ CI stabilizes TI more (by formation 
of complexes) than TÌ", and the potential is thereby lowered. 

The coloriess TÌ ion has a radius of 1.64 Ẳ, comparable to those of K”, Rb”, 
and Ag” (1.52, 1.66, and 1.29 Ả). Thus it resembles the alkali ions in some ways 
and the Ag† ion in others. It may replace K” in certain enzymes and has poten- 
tial use as a probe for potassium. In crystalline salts, the TÌỶ ion is usually six or 
eight coordinate. The yellow hydroxide is unstable, giving the black oxide T1:O 
at about 100 °C. The oxide and hydroxide are soluble in water giving stronglÌy 
basic solutions. These absorb CO; from the air, although TÌOH is a weaker base 
than KOH. Many thallium(I) salts (e.g., TI;5O¿, TI,COx, or TICO,CHs) have sol- 
ubilities somewhat lower than those of the corresponding K” salts, but otherwise 
they are similar to and quite often isomorphous with them. Thalliun() fuoride 
is soluble in water but the other halides are sparingly soluble. Thalium(1) chlo- 
ride also resembles AgCl in being photosensitive and darkening on €xpOSure to 
light, but differs in being insoluble in ammomia. AlI thallium compounds are ex- 
cecdingly poisonous. 


Summơry of Periodic Trends for 
the Elements of Group IIIB(13) 


By using the list of periodic chemical properties developed in Section 8-11, as 
well as properties mentioned in Chapters 12 and 13, we can now summarize the 
periodic trends in the properties of the clements of Group IHB(13). 


1. Boron 


(a) Forms no simple BỶ” cation. 

(b) Forms covalent compounds almost exclusively, and all polyatomic 
ions have covalent bonds.. 

(c) Obeys the octet rule, the maximum covalence being four. 

(d) Forms trivalent compounds that readily serve 4s Lewis acids. 
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(e) Frequently forms polyhedral structures: boranes and borates. 

(f) Forms an oxide, B,O;, and a hydroxide, B(OH);, both of which are 
acidic. 

(g) Forms covalent halides that are readily hydrolyzed. 

(h) Forms numerous covalent hydrides, all of which are volatile, iamma- 
ble, and readily hydrolyzed. 

()  Forms a stable and important hydride anion, BH¡. 

Aluminum 

(a) Readily forms an important 3+ ion, because it is electropositive. 


(b) Is much more metallic than boron, and forms a greater number and 
Variety Of Ionic substances. 


(c) Forms both molecular and ionic substances, with coordination num- 
bers of six and higher. 


(d) Forms two oxides, only one of which is acidic. 

(e) Forms a hydroxide that is weakly amphoteric, although mostly basic. 
() Forms solid halides that are only partially hydrolyzable. 

(g) Forms a polymeric hydride. 

(h) Forms an anionic hydride (AIH?) that is more reactive than BH¿. 


. Gallium, Indium, and Thallium 


(a) Readily give the MỸ” ion in solution, and have a rich coordination 
chemistry typical of metals. 


(b) Form increasingly stable lower valent compounds, especially TT”. 

(c) Increasingly form weaker covalent bonds on đescent of the ðTOUDp, en- 
hancing the formation of monovalent compounds. 

(d) Form MX; halides that are Increasingly aggregated in the solid state 
(through halide ion bridges) to give coordination numbers of four, 
six, and higher. 


(e) Do not form important EH; anions, ©xcept perhaps GaH¡. 


STUDY GUIDE 
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Siudy Quesftions 


A. Review 


-_ What is bauxite, and how is it purified for AI production? 
. Why 
-- What are the formulas and structures o£ (a) corundum, (b) the mineral spinel? 


-_ What is the structure of the trihalide dimers, M;X¿? What happens to these molecules 
at high temperatures? 


1s aluminum resistant to air and water, even though it is very electropositive? 


What is an alum? What species are Pr€sent in a crystalline alum? 

-_For cryolite, give the formula, structure, and chief industrial use. 

- Compare the properties of B,Os and nll@0s 

-_How is LIAIH¿ prepared? Why does it explode with water, while NaBH¿ does not? 
‹_Write equations to show that the hydroxides of AI and Ga are amphoteric. 
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B. Additiondl Exercises 


LỄ 


Discuss the reasons why TITI; is unstable relative to TỪI;, whereas the opposite is true 
for AI, Ga, and In. 


,„ How might one establish that the true nature of “GaCl;” is actually Ga'[Ga""Cl,]? 


- Interaction of AI with alcohols using HgCl; as a catalyst gives alkoxides of AI that are 


tetrameric in solution. Write a structure for the aluminum-isopropoxide tetramer. 


4. Show, with equations, how AlC]; functions as a Eriedel-Crafts catalyst. 


.‹ Why is the TI*/T? electrochemical potential sensitive to pH and to the presence of 


complexing anions? 


._ Explain the preference shown in Table 13-1 of six coordination for fuorides and chlo- 


rides versus four coordination for bromides and I1odides. 


„ Give equations for the following: 


(a)  Aluminum chloride plus PE¿. 

(b)_ Synthesis of LIAIH¿ starting with elements only. 
(c)_ Thermal decomposition o£ LiGaHi. 

(d)_ Thermal decomposition of TỊCH:. 

(e)  Hydrolysis of AI" salts. 

()_ Hydrolysis of GaCl. 

(g) Reacton of AI with ethanol. 

(h)_ Thermal decomposition of TÌ;Oa. 

(¡)_ Reaction of Al;Cl¿ with N(CH:)s. 

()_ Amphoteric behavior by aluminum hydroxide (two cquations). 
(k)  Reduction o£ AICI; by AI, at high temperature. 
()_ Synthesis of (Me;N);GaH;. 


. Quesfions from the Literdture of Inorgonic Chemistry 
. Complexes of the type InCI;-3 L and TIX;'2 L were studied by B. E. G. Johnson and R. 


A. Walton, /xơg. Chem., 1966, 5, 49-53. 


(a)_Write balanced equations for the reactions that were employed in the syntheses of 
these two types of compounds. 


(b) Suggest a structure for TIC1¿, for TICI;:2 py, and for InCI;-3 py. 


. What evidence do the authors present for the presence ofa metal=metal bond in the 


compound Ga,l,:2(diox)? See J. C. Beamish, R. W. H. Small, and I. J. Worrall, Iuørg. 
Chem., 1979, 16, 220-223. 


. Consider the paper by E. R. Alton, R. G. Montemayer, and R. W. Parry, luong. Chem., 


1974, 13, 2267-2270. 

(a) Which of the Lewis bases featured in this study (:PF;, :PCI;, :C=SO:, or :NH;) form 
complexes with the Lewis acids (1) BE; (1ñ) AICI; Gii) (CH:):Al? 

(b). What conclusions in reference to Ø-base strength do the authors reach for PE; ver- 
sus CO? 

(c) _ What is the đ2sioriiơn zn£rgy that the authors mention, and how can this concept be 
used to explain a higher stability for FaạP:AICl; than for F;P:BE;? 


. Read about the synthesis of gallane and other materials in the article by A. J. Downs, 


M.]. Goode, and C. R. Pulham, J. Az.. Chzm. Søc., 1989, 111, 1936-1937. 

(a)_ How was the starting material [H;GaCl]; prepared? 

(b) How was the title compound prepared? 

(c) What reaction takes place between gallane and anhydrous HCI, and how was this 
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uscd for analysis of the chemical composition of the title compound? 
(d) What is the significance o£ the fact that the tile compound reacts at low temper- 
ature with an excess of trimethylamine to give a single product, (Me;N);GaH;? 
(c)  What compound is obtained from the thermal decomposition of (MezN);GaH;? 
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Introduction 


There are more known compounds of carbon than of any other element except 
hydrogen. Most are best regarded as organic chemicals. This chapter considers 
certain compounds traditionally considered “inorganic.” Chapter 29 discusses 
organometallic or, more precisely, organoelement compounds in which there 
are bonds to carbon such as Fe—CŒ, P—C, Si—C, and Al—C. 

The electronic structure of C in its ground state is 1s?2s”2øŸ, so that to ac- 
commodate the normal four covalence the atom must be promoted to a valence 
state 2s2/Ø,2Ø,2Ø, (see Secton 3-2). The ion C* does not arise in any normal 
chemical process, but CỶˆ may possibly exist in some carbides of the most elec- 
tropositive metals. 

Some cations, anions, and radicals have been detected as transient species in 
organic reactions. Certain stable species of these types ar€ known. The lons are 
known as caröoniưm ions [e.g., (CaH;);C”] or carbamons [€.E.. (NQ);©”]. These 
species can be stable only when the charge is extensively delocalized onto the at- 
tached groups. 

Divalent carbon species or ceøzrðzn2 (:CR¡R;ạ) play a role in many reactions, 
but they are highly reactive. Carbenes can be trapped by binding to transition 
metals and many metal carbene compounds are known (Secton 29-17). 

The divalent species of some other Group IVB(14) elements, such as :SIF¿ or 
:SnC];, can be considered to have carbene-like behavIor. 

A unique feature of carbon is its propensity for bonding to itselfin chains or 
rings, not only with single bonds (C—C), but also with mulúple bonds (C==C or 
C=C). Sulfur and silicon are the elements next most inclined to c2iwazfiơn, as this 
sel£bindíng is called, but they are far inferior to carbon. The reason for the ther- 
mai stability of carbon chains is the intrinsic high strength of the C—C single 
bond (356 kJ mol"). The Si—Si bond (226 kJ mol”) is weaker but another Im- 
portant factor 1s that S——O bonds (368 kỊ mol}) are much stronger than C—O 
bonds (336 kJ mol"!). Hence, given the necessary activatlon energy, compounds 
with Si—Si links are converted very exothermically into ones with Si——O bonds. 


The Chemistry and Physicdl Properties of Diamond, 
Grophiie, the Fullerenes, and Carbides 


Diamond 


Diamond difers from graphite in its physical and chemical properties because 
of differences in the arrangement and bonding of the atoms (Secton 8-5). 
Diamond (3.51 g cm) is denser than graphiie (2.22 g cm”), but graphite 1s 
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more stable, by 2.9 k] mol” at 300 K and 1 atm pressure. From the densities, it 
follows that to transform graphite into diamond, pressure must be applied. From 
the thermodynamic properties of the allotropes it is estimated that they would 
be in equilibrium at 300 K under a pressure o£about 15,000 atm. Because equi- 
librium is attained extremely slowly at this temperature, the điamond structure 
p€rsists under ordinary conditions. 

Diamonds can be produced from graphite only by the action of high pres- 
sure, and high temperatures are necessary for an appreciable rate Of conversion. 
Naturally occurring diamonds must have been formed when those conditions 
were provided by geological processes. 

In 1955 a successful synthesis of diamonds from graphite was reported. 
Although graphite can be directly converted into điamond at about 3000 K and 
pressures above 125 kbar, In order to obtain useful rates of conversion, a transi- 
tion metal catalyst, such as Cr, Fe, or Pt, is used. It appears that a thin film of 
molten metal forms on the graphite, which dissolves some graphite and repre- 
cipitates It as diamond, which ¡s less soluble. Diamonds up to 0.1 carat (20 mg) 
of high industrial quality can be routinely produced at competitive prices. Some 
gem quality điamonds have also been made but the cost, thus far, has been pro- 
hibitive. Diamond will burn in air at 600-800 °C but its chemical reactivity is 
much lower than that of graphite or amorphous carbon. 


Grophile 


Many forms of amorphous carbon (including charcoals, certain soots, and lamp- 
black) are all actually microcrystalline forms of graphite. The physical properties 
Of such materials are mainly determined by the nature and extent of their sur- 
face areas. The ñnely divided forms, which present relatively vast surfaces with 
only partially saturated attractive forces, readily absorb large amounts of gases 
and solutes from soluton. Active forms of carbon impregnated with palladium, 
platinum, or other metals are widely used as industrial catalysts. 

Án important aspect of graphite technology is the production of V€TY Strong 
fibers by pyrolysis, at 1500 °C or above, of oriented organic polymer fibers (e.g., 
those oŸ polyacrylonitrile, polyacrylate esters, or cellulose). When incorporated 
into plastics the reinforced materials are light and of great strength. Other forms 
of graphite, such as foams, foils, or whiskers, can also be made. 

The loose layered structure of graphite allows many molecules and ions to 
penetrate the layers to form what are called ?w£ercalafiơn or lamellar c07bownds. 
Some of these may be formed spontaneously when the reactant and graphite are 
brought together. The alkali metals, halogens, and metal halides and oxides 
(e.g., FeCl; and MoO;) are examples of reactants. 


Fullerenes 


The sootlike substances known as the fullerenes have already been introduced 
(Secton 8-5). In the last few years there has been a remarkable explosion of pa- 
pers in the chemical research literature on the fullerenes, and no doubt the 
topic wilÏ grow in scope as new discoveries are made. The reacdons listed below 
represent only a portion of the emerging chemistry of the fullerenes. For this 
reason, the list of Sw/#pl¿mentary Reading materials at the end of this chapter is 
more extensive than usual. The interested student is €ncouraged to consult not 
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only these sources, but also the latest research and review literature, as advances 
in this area are expected to be unusually rapid. 

The unsaturation of Cạo is indicated by its reduction by Li in NHạ()/ 
-BuOH (Birch reduction) to give a light cream solid composed of CzoH;¿ and 
CaoH¡s. Reaction with primary and secondary amines (e.g., z-PrNH;, /-BuNH;, 
ethylenediamine, morpholine, and ø-dodecylamine) results in the multiple ad- 
dition o£ H and NR; groups across the C=C double bonds to give CaoHa(NR;)s. 
Each such addition results in the rehybridization of the carbon atoms from s 
tO sØ”. 

The first derivative structure of Cao was that of the remarkable osmium com- 
pound made as in Reaction 14-2.]. 


kề 
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This reaction of OsO, is characteristic of the C=€ double bonds ofalkenes. Two 
similar pyridine (py) derivatives have been prepared by reacting either 2 equiva- 
lents of OsO, and 5 equivalents of py, or 1 equivalent of OsO¿ and 2.2 equiva- 
lents of py, with Cạo in toluene, at 0 °C, giving Structures 14-la and 14-Ib, re- 
spectively. 
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Such osmylafiơns are typical of pyridine-activated polycyclic aromatic hydrocar- 
bons, and underscore the “aromaticity” o£Ê Cao. Nevertheless, certain Íacts are 
best interpreted by regarding the Cao structure as a series of isolated alkenes. 
This is consistent with the two distinct C—C bond lengths in ạo, and with the 
fact that only small ring currents are detectable in Cao. The hiph reactivity o£ Cao 
is attributable to the nonplanarity of the C=C groups, which causes high-strain 
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energy, and because each C=C double bond is attached to four electron-with- 
drawing gøroups. 

That Cáo can behave as an alkene towards transition metals is also shown by 
Reactions 14-9.2 and 14-9.3, in which a side-on, TP connection to either Pt or Ir 
1s made by the 7 electrons of a C=C group, a classic bonding situation typical 


Cao + (n2C;H,)Pt(PPh;);¿ —> C;H„+ (n2-Cạo)Pt(PPh¿);¿ (142.9) 
Cạo + Ir(CO)CI(PPh¿)¿ —> (n3Cas)Ir(CO)CI(PPhạ), (14-2.3) 


of simple alkenes, as điscussed further in Chapter 29. Although such compounds 
could be formulated as in Structure 14-IIa, analogous to the bonding of ethyl- 
ene to transition metals (Secdon 29-12), it is probably more like Structure 14- 
IIb, 


14#1la 14-IIb 


more typical of the bonding to transidon metals by alkenes containing electron- 
withdrawing substituents, such as C.EF¿ or C2(CN)¿. Thỉs formulation of the bond 
between Co and Ir is also better for the product of Reaction 14-9.3, in that the 
reacton ¡is then understood to be both an oxidation of iridium from Ir() to 
Ir(IH), as well as an addition of the new C—=C ligand. (See oxidative addition re- 
acdtons, in Chapter 30.) The three-membered ring with single bonds (Structure 
14-IIb) is likely to be the correct form of the epoxide, C¿oO (Structure 14-IIc), 
which is made by photochemical oxidation in benzene. 


l14+I1c 


Reactions such as those in Equations 14-9.2 and 14-9.3 may be further un- 
derstood by appreciating more about the details of the structure of Cao, which is 
composed of 20 sixmembered rings interconnected with 19 five-membered 
rings, such that no five-membered rings share an edge with other five-membered 
rings. Thus we find sixmembered rings fused both to other six-membered rings 
(6-6 fusions) and to five-membered rings (6—5 fusions), but we find five-mem- 
bered rings fused only to six-membered rings. Although all carbon atoms are the 
same, as discussed in Chapter 8, there are two types of C—C bonds, one longer 
than the other by about 0.1 À. These two types of C—C bonds appear in the 
sphere at regular locations, one at the 6—6 ring fusions and the other at the 6—~5 
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ring fusions. Consequently, when ¿¿ reacts by simple addition to a transiion 
metal to form an TỊ” attachment, increasing the coordinaton number of the 
metal from four to six, as in Reaction 14-2.3, the metal atom ¡s found attached 
specifically to the two carbon atoms (designated C;—C,) of a 6-6 ring fusion. 
The coordinated carbon atoms C;¡ and „ are pulled away from the ao sphere, 
and the C¡—Cs bond is somewhat elongated. Reacton 14-2.3 may be reversed 
by dissolving the product in CH;Cl;. Thus C¿o behaves like tetracyanoethylene 
and O;, both of which reversibly add to IrCOCI(PPh;)¿, as discussed in Chapter 
30. A similar reaction has been reported for Ở;a. 

Partial alogenaiøn of Gsạ and C„o may be accomplished by reaction with C1; 
or Br;, although the extent of halogenation 1s sometimes uncertain. Reaction of 
Cạo with Br; gives C¿¿Br¿ and C¿oBr¿. In each case, the bromination can be re- 
versed at 150 °C, giving a quantitative recovery of bromine. Chlorinaton of Cạo 
glves mixtures of CaoC],, the average value o£ ø being 24. The chloro derivatives 
are dechlorinated only at temperatures above 400 °C and are thus more stable 
than the bromo derivatives. The chlorine atoms of CzoCl„ can be replaced by 
OCH; groups, using methanolic-KOH, as well as by CạÖH; groups, in a 
Friedel-Crafts reaction (Section 13-4) with benzene, catalyzed by AICI;. Partially 
fuorinated derivatives, CzoF¿ and CzoE„¿, have been isolated, but prolonged (12 
đays) interaction with E; gives colorless CaoEFo. 

Anions, known as fuiler¿đ¿s, are readily obtained, and these can be either dia- 
magnetic or, like the radical Cặo, paramagnetic. From bulk electrolysis, the salt 
(Ph„P)?Czo(Ph,PC]); has been obtained. The anion ¡s also formed in THE sol- 
vent, using the tetraphenylporphyrin complex of CrŸ” as a reducing agent, as in 
Reaction 14-2.4, where TPP = tetraphenylporphyrin. 


E7 (TP sac ệ  \NGC (IEP) |. (14-9.4) 


Reduction of Cạo/C;o mixtures by Li gives red-brown solutions which, 
on treatment with CHạI, gives polymethylated fullerenes with 1-24 methyl 
groups. Direct interaction with other alkali metals gives black materials such as 
(K?)sCặo. Also, films of Cạo doped with K, Rb, or Cs metal vapor can be prepared, 
which are superconducting and may be of value since the critical temperature 
for superconductivity is relatively high. For instance, T for Rb„ao 1s 30 K. 

Heterofullerenes can be expected, since BN is isoelectronic with ÓC. As al- 
ready discussed, œBN is an analog of graphite and ÿ-BN šs an analog of dia- 
mond. Not surprisingly, then, calculatlons have suggested that C;zB;„Nz„ should 
be stable. So far, laser vaporization of graphite has given C;zB; and ;¿B. 

Large metal atoms may be inserted into the center of certain fullerenes, 81v- 
ing compounds such as Lao and LaCŒz¿¿. These are obtained by the arc-vapOor- 
ization of LasOs and graphite, which yields solvent-extractable products. The 
similar Lazo 1s not solvent extractable, but it can be sublimed. The details on 
sụch compounds are sữll forthcoming. Since the heavy atoms are thought to be 
encapsulated within the fullerene sphere, these substances have been called the 
“endohedral metallofullerenes.” Interestingly, certain small fullerene com- 
pounds appear to be especially stable, for instance, MC,; (M=Ú, Zr, HE and Tì) 
and KŒ„x. It should be noted, however, that no one has, as yet, Isolated a pure 
endohedral metallofullerene; the materials claimed to date have been charac- 
terized principally by mass spectrome€trÿy. 

Reactions of G¿ạ'are listed in Eig. 14-1. 
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(Ph;P);PtQ¿› Cáo (ø»= ]—5) 
g |h a 
b 
[(Et;P);Pt] Cao Qẹọ —————ờ M;C¿o 


lở € 


CanX„ [Cr""(TPP)]”Cạp 
CaoFo 


Figure 14-1 Some rcactions of Cạo: (2) electrochem- 
ical reduction (E” depends on the solvent); () alkali 
metals; (2) Cr”(TPP); (đ) F¿, 70 °C; (2) Clạ, Br;; (ƒ) 
Pt(Œt,P)„; (ø) Pt(C;H„)(PPh;);; and (¿) C¿H¿, O„, ðV. 


Corbides 


Solid compounds of carbon with elements other than hydrogen are generally 
called carbides. However, there are quite diverse types of carbides, which may be 
classified as follows. 


lomic Carbides. These are formed by the most electropositive metals, such as 
the alkali and alkaline earth metals and aluminum. While it is a bit of an over- 
simplification to call them ionic, these carbides behave in many ways as though 
the carbon atoms were present in anionic form, for example, as C® or Cï” ions. 
Thịs is particularly evident in their reactions with water, as in Reactions 14-9.5 
and 14-2.6. 


Al,Ca+l1211O =2 00),: 32V, (14-9.5) 


krershtal Carbides. The transiion metals form carbides in which carbon 
atorms occupy tetrahedral holes in the close-packed arrays (Chapter 4) of metal 
atoms. Such materials are commonly very hard, electrically conducting, and 
have very high melúng points (3000-4800 °C). Tungsten carbide (WC) is so 
hard that it is used to make tool bits for machining steel. The smaller metals Cn, 
Mn, Fe, Co, and Ni give carbides that are intermediate between typically ionic 
and interstital carbides, and these are hydrolyzed by water or dilute acids. 


Coudlent Garbides. The metalloids, especlally siicon and boron, form Si¡C 
and B„C, which are also extremely hard, infusible, and chemically Inert. Silicon 
carbide has a diamond-like structure (Chapters 4 and 8) in which C and Si atoms 
are cach tetrahedrally surrounded by four of the other kind of atoms. ÙỦnder the 
name 6ø?borundum, 1t 1s used in cutting tools and abrasives. 


Coarbon Monoxide 


This colorless toxic gas (bp —190 °C) is formed when carbon is burned in a de- 
ficiency of oxygen. The following equilibrium is found at all temperatures 
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2 CO(g) =C(s) + COs(g) (14-3.1) 


but this equilibrium ¡is rapidly attained only at elevated temperatures. Carbon 
monoxide 1s made commerclially along with hydrogen (Section 9-1) by steam re- 
forming or partial combustion o£ hydrocarbons and by Reaction 14-3.2. 


CO, + Hạ = CO + H,O (14-3.2) 


A mixture of CO and H; (synthesis gas) is very important commercially, being 
used in the hydroformylatdon process (Secuon 30-9) and for the synthesis Of 
methanol. Carbon monoxide ¡s also formed when carbon is used in reduction 
processes, for example, of phosphate rock to gIve phosphorus (Section 17-2) and 
in automobile exhausts. Carbon monoxide is also released by certain marine 
plants and it occurs naturally in the atmosphere. 

Carbon monoxide is formally the anhydride of formic acid (HCO;H), but 
this is not an important aspect of its chemistry. Although CO ¡s an exceedingly 
weak base, one of its important properties is its ability to act as a ligand toward 
transition metals. The metal—CO bond involves a certain type of multiple bond- 
ing (dn-#m bonding discussed in Chapter 28). The toxicity o£ CO arises from this 
ability to bind to the Fe atom in hemoglobin (Section 31-4) in the blood. Ônly 
iron and nickel react directly with CO (Chapter 28) under practical conditions. 


Corbon Dioxide and Cdrbonic Acid 


Carbon dioxide is present in the atmosphere (300 ppm), in volcanic gases, and 
in supersaturated solution in certain spring waters. It is released on a large scale 
by fermentation processes, limestone calcination, and all forms of combustion of 
carbon and carbon compounds. It is involved in geochemical cycles as well as in 
photosynthesis. In the laboratory it can be made by the acton o£ heat or acids 
on carbonates. Solid CO; (sublimes —78.5 °C) or “dry ice” is used for refrigera- 
tion. 

Carbon dioxide is the anhydride of the most important simple acid of car- 
bon, eøröowic acid. For many purposes, the following acid dissociation constants 
are given for aqueous carbonic acid: 


" : 
TH HCOSÌ ~ 416x107 
[H,CO, | 
+ “= 
[H CO: ] 1:0" 
[HCO: ] 


The equilibrium quotient in the ñrst equation is incorrect because not all the 
CO; dissolved and undissociated is present 2s H;CO¿:. The greater part of the 
dissolved CO; is only loosely hydrated, so that the correct first dissociation con- 
stant, using the real concentration of HạCO¿, has the much larger value of about 
2 x 10, more in keeping (see Section 7-12) with the structure (HO);CO. 

The rate at which CO; comes into equilibrium with HạCO; and its dissocla- 
tion products when passed into water is measurably slow. This explains why we 
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can analytically distinguish between H;CO; and the loosely hydrated CO;(aq). 
This slowness is oŸ great Importance in biological, analytical, and industrial 
chemistry. 

The slow reaction can be shown by addition o£a saturated aqueous solution 
of CO., on the one hand, and of dilute acetic acid, on the other, to solutlons of 
dilute NaOH containing phenolphthalein Indicator. The acetic acid neutraliza- 
tion is instantaneous, whereas with the CO; neutralization, It takes several sec- 
onds for the color to fade. 

The hydration of CO, occurs by two paths. For pH < 8, the principal mech- 
anism 1s đirect hydradon of CO; according to Eq. 14-4.1, followed by a rapid 
acid-base reaction to give bicarbonate: 


ŒO,„ + H,Oe<H.,GCO;s (Slow) (14-4.1) 
H;CO; + OH” = HCO; + H;O (Instantaneous) (14-4.2) 


The rate law for this process is first order. 


—d[CO, ] 
dị 


At pH > 10, the predominant reaction of CO, is by direct attack with OH”, as in 
Reaction 14-4.4, followed by a rapid acid-base reaction to give carbonate: 


CO; + OH~ = HGO;s (Slow) (14-4.4) 
HCO; + OH- = CO?” + H,O (Instantaneous) (14-4.5) 


=kạo„[CO;] — khoa, =0083” (14-4.3) 


for which the rate law IS 
~d[CO, ] n b Ấy. 
= = tin [OH' ][(CO,] Shin =8500 ÁM s (14-4.6) 


Because #e¡¡- is so mụuch larger than ẰGO.› 1t can be considered that the mecha- 
nism given by Reactons 14-4.4 and 14-4.5 represents base catalysis of the CO; 
hydrolysis mechanism given by Reactions 14-4.1 and 14-4.9. Both mechanisms 
Operate In the pH range 8-10. 
For each hydration process there is a Corr€sponding dehydration reaction. 
HạCO; ——> H;O + CO, Ru,co, = 20 s” (14-4.7) 


HGOs.——> COs+ QH- kuco;= 2x 10 s1 (14-4.8) 
Hencce, for the overall equilibrium represented by Reacton 14-4.9 
H;CO; F= CO; + H,O (11210) 


the equilibrium constant can be determined to be 


[CO] _ huuo, 
ITCO] ä 


CO; 


K= = about 660 (14-4.10) 


Ít follows from the large value of Kin Reaction 14-4.10 that the true ion1zation 
constant (K,) of HạCO; is greater than the apparent constant, as noted previously. 
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Compounds with C—N Bongs; 
Cyanides and Reiated Compounds 


An important area of “inorganic” carbon chemistry is that o£ compounds with 
C—N bonds. The most important species are the cyanide, cyanate, and thio- 
cyanate ions and their derivatives. 


Cyanogen, (CN); This flammable gas (bp —21°C) is stable despite the fact 
that it is highly endothermic (AH? = 297 kJ mol"). It can be obtained by cat- 
alytic gasphase oxidation of HƠN by NO; 


2 HCN +NO; ——> (CN); + NO + HO (14-5.1) 


Cyanogen can also be obtained from CN" by aqueous oxidation using Củ" (of. 
the Cu?'~IF reaction): 


Cu?*+2ŒN" —> CuCN +š(CN); (14-5.3) 
or acidiñied peroxodisulfate. Dry (CN); is made by the reaction 
Hg(CN); + HgCl; —> Hg;Cl; + (CN); (14-5.4) 


Although pure (CN); is stable, the impure gas may polymerize at 300-500 °G. 
Cyanogen dissociates into CN radicals and, like halogens, can oxidatively add to 
lower valent metal atoms (Chapter 30) giving dicyano complexes, for example, 


(Ph;P)„Pd + (CN); —> (Ph;P);Pd(CN);+2PhạP — (14-5.5) 


A further resemblance to the halogens is the disproportionation in basic solu- 
tion. 


(G0 1 C1]. TU ẠNGở+ OCN + H;O (14-5.6) 


Thermodynamically this reaction can occur in acid solution but is rapid only In 
base. A stoichiometric mixture of O; and (CN); burns producing one of the 
hottest flames (~5050 K) known from a chemical reaction. 


Hbdrogen Qyamide. Like the hydrogen halides, HN 1s a covalent, molecular 
substance, but is capable of dissociation in aqueous solution. Ït 1s an extremely 
poisonous (though less so than H;S), colorless gas and is evolved when cyanides 
are treated with acids. Liquid HCN (bp 25.6 °C) has a very high dielectric con- 
stant (107 at 25 °C) that is due (as for HạO) to association of the polar molecules 
by hydrogen bonding. Liquid HCN ¡s unstable and can polymerize violently in 
the absence of stabilizers. In aqueous solutions polymerization is induced by ul- 
traviolet light. 

Hydrogen cyanide is thought to have been one of the small molecules in the 
earth's primeval atmosphere and to have been an important source or Interme- 
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diate in the formation of biologically important chemicals. For example, under 
pressure, with traces of water and ammonia, HCN pentamerizes to adenine. 

Ín aqueous solution, HƠN ïs a very weak acid (pKaz:c = 9.21) and solutions 
of soluble cyanides are extensively hydrolyzed, but the pure liquid is a strong 
acid. 

Hydrogen cyanide is made industrially from CHÍ and NH; by the reactions 

catalyst 


2CH, +3 CS +2 NH; —o 2 HƠN +6 HỤO (14-5.7) 


AH= -475 k] mol"' 
Or 


CH,+NH,— >HCN+3H,  AH=+240kJmol” (14-5.8) 
Hydrogen cyanide has many industrial uses. It may bẻ added directly to 
alkenes; for example, butadiene gives adiponitrile, NG(CH;)„CN (for nylon), in 
the presence of zero-valent Ni alkylphosphite catalysts that operate by oxida- 
tive-addition and transfer reactons (Chapter 30). 


Cyamdes. Sodium cyanide is manufactured by the fusion of calcium 
cyanamide with carbon and sodium carbonate. 


CaCN; + C + Na¿CO; —> CaCO; + 9 NaCN (14-5.9) 


The cyanide ¡s leached with water. The CaCN; is made in an impure form con- 
taminated with CaO, CaCŒ., C, and so on, by the interaction 
=1100°%C 

CaOC, +N;———————> CaNCN +C (14-5.10) 
The linear NCN”” ion is isostructural and isoelectronic with CO;. Cyanamide it- 
self (H;NCN) can be made by acidification of CaNCN. The commercial product 
1s the đimer, HạNC(=NH)NHCN, which also contains much of the tautomer 
containing the substituted cøbodide grow, Hy NÑN—C(=NH)—N—C—NH. 
Organocarbodiimides are important synthetic reagents in organic chemistry and 
CH;N=C=—NGH; is stable enough to be isolated. 

Sodium cyanide can also be obtained by the rẹaction 


5 5S 
NaNH,+C—““ ““ ›NaCN+H, (14-5.11) 


Cyanides of electropositive metals are water soluble but those of Ag!, Hg', 
and PB” are very insoluble. The cyanide ion is of ðr€at importance as a ligand 
(Chapter 28), and many cyano complexes of transition metals are known (4E. 
“n, Cd, or Hg); some, like Ag(CN); and Au(CN)s, are of technical 1mportance 
and others are cemployed analytically. The complexes sometimes resemble 
halogeno complexes [e.g., Hg(CN)2- and HgClIƒ' ], but other types exIst. Fusion 
of alkali cyanides with sulfur gives the /h2oeazafeion (SƠN). 


Compounds with C—S Bonds 


Carbon đisulfide (CS) 1š a very toxic liquid (bp 46 °C), usually pale yellow, and is 
prepared on a large scale by the interaction of methane and sulfur over silica or 
alumina catalysts at about 1000 °Œ. 
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CHạ+ 45= CS¿ + 2 H,S (14-6.1) 


In addition to its high flammability in air, CS; is a very reactive molecule and 
has an extensive chemistry, much of it organic in nature. It is used to prepare 
carbon tetrachloride industrially. 


"“... - tGwsc, (14-6.9) 


Carbon disulfide 1s one of the small molecules that readily undergo the “in- 
sertion reacton” (Chapter 30), where the —§——C— group is inserted between 


S 
Sn—N, Co—Co, and other bonds. Thus dithiocarbamates are obtained with ti- 
tanium đialkylamides. 


Ti(NR;)„+4CS; —> Ti(S;CNR¿)„ (14-6.3) 


The CS; molecule can also serve as a ligand, being either bound as a donor 
through sulfur or added oxidatively (Chapter 30) to give a three-membered ring, 
as 1n Structure 14-III. 


(110) -E S 
( 6 5)3  ... 
Et 
(G11) SP” € 
( 6 5)3 ` 


14-1. 


Important reactions of CS, involve nucleophilic attacks on carbon by the 
1ons RO” and HS” and by primary or secondary amines, which lead, in basic so- 
lution, respectively, to xanthates, thiocarbonates, and dithiocarbamates. For ex- 
ample, 


RO” S ROCS“ Xanthate (14-6.4) 
Km. + ĩ —>† CS Thiocarbonate (14-6.5) 
R.HN 5 R;NCS. Dithiocarbamate (14-6.6) 


Dithiocarbamafes are normally prepared as Na salts by the actilon of primary 
or secondary amines on CS; In the presence of NaOH. The Zn, Mn, and Fe 
dithiocarbamates are uised as agricultural fungicides, and Zn salts are used as ac- 
celerators Im the vulcanization of rubber, 

Dithiocarbamates form many complexes with metals. The CS; group in 
dithiocarbamates, as well as in xanthates, thioxanthates, and thiocarbonates, 1s 
usually chelated (as in Structure 14-IV), but monodentate and bridging dithio- 
carbamates are known. 


S X=NHE or NR:, 
/ ` 
MU (G3 sự OR or SR, 
bọ + 
S O,S,or S—S§ 
14-IV 


On oxidation of aqueous solutions by H;O;, CÏ;, or S,Of_, th2urưm disulfides 
are obtained, for example, 
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E+2(CH (GH9N(BS:-s-(0NAGHOI +9I_ (14-67) 


Thiuram disulfides, which are strong oxidants, are used as polymerization Initla- 
tors (for, when heated, they give radicals) and as vulcanization accelerators. 
Tetraethylthiuram disulfide is “Antabuse,” the agent for rendering the body al- 
lergic to ethanol. 


STUDY GUIDE 


Scope œnd Purpose 


Most of the chemistry of the element carbon constitutes the field of organic 
chemistry. The inorganic chemist, however, is legitimately concerned with cer- 
tan aspects of carbon that are very important and that have tradidonally not 
been included in the realm of organic chemistry. These include nearly all of the 
chemistry of the element ïitself, of compounds in which carbon is combined with 
metals and metalloids, and much of the chemistry o£ the simple, binary com- 
pounds with nonmetals (oxides, cyanides, or halides). The field of organometal- 
lic chemistry, whích we examine in Chapters 29 and 30, is a truly interdiscipli- 
nary one. 


S†udy Questions 


A. Review 


1. The electronic structure ofCin its ground state is TP 5 APEC đa 'Why does carbon usu- 
ally form four single bonds and not two? 


2. Give examples of a stable carbonium ion, a carbanion, and a free radical. What is a 
carbene? 


3. What is meant by catenation? Why does silicon have much less tendency to catena- 
tion than carbon? Could the same be said for nitrogen? 


4. Describe the synthesis and main properties of điamond. 


5. What is graphite? Draw its structure and explain whỳ Ìts properties differ from those 
of điamond. 


6. List ways in which CO can be made. 
7. List ways in which CO; can be made. 
8. On which side is the equilibrium in the reaction 


CO;(aq) + 9 H„O HạO' + HCO; 


9. Why does CaCO, dissolve to some extent in CO, saturated water? Write balanced 
cquations for the reactions involved. 


10. How could you make cyanogen in the laboratory? Write balanced equations. 
11. List similariies between (CN); and CN- and G1 54a11dl GÌ. 

12. Why are solutons of KCN in water alkaline? 

13. Give the industrial synthesis and major properties of hydrogen cyanide. 


14. How is CS; prepared? Write equations for its reaction with C„H;ONa in ethanol and 
with (C;H,);„NH in the presence of aqueous NaOH. 
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15. How would you convert BaCO; labeled with '%C or !*C, which is the usual source of 


labeled carbon compounds, to (a) Ni(*CO)„, (b) *C2H;, (c) *CH,, (đ) *CS., and (e) 
*GH.OH? 


B. Addihondl Exercises 


1. 


= 


The C—C bond length in graphite is 1.42 Ả. How đoes this compare with the C——-C 
bond length in (a) diamond, (b) ethylene, and (c) benzene? What do you €xpect 1s 
the C—C bond order in graphite? Explain. 

Write down the structures, the Lewis diagrams, and the MO)s for the isoelectronic 
molecules carbon dioxide and allene. What sort of diferences in chemistry do you 
expect? 

Hydrogen cyanide (HƠN) can give dimers, trimers, tetramers, pentamers, and poly- 
mers on polymerization. Write some plausible structures for these molecules. 
Explain why HCN is a weak acid in aqueous solution yet as the pure liquid ït is a 
strong acid. Recall the material of Chapter 7. 

Zinc dithiocarbamates are dimeric. Propose a structure. 

Draw the Lewis điagrams for each reactant and product of Reaction 14-6.3. 

Identfể the oxidizing and reducing agents in Reactions 14-5.1 and 14-5.2. Draw the 
Lewls điagram for each reactant and product. 


C. Quesftions from the Literdture of Inorganic Chemistry 


l 


Consider the paper by A.L. Balch, V. J. Catalano, and J.W. Lee, “Accumulaing 

Evidence for the Selective Reactivity of the 6—6 Ring Fusion of Gạo. Preparation and 

Structure of (Cao) Ir(CO) CI(PPh;);-5 CeHạ,” Tơrg. Chơm., 1991, 20, 3980—3981. 

(a) List all of the significant structural changes to the Oạo framework that occur 
upon formation of the TỊ? attachment to Ir in the title compound. 

(b) How was the formation of the title compound shown to be reversible? 

(c) What conclusions do the authors reach regarding the two types of ring fusions 
in the Cao framework? 

(d) Five benzene molecules are found in the crystal. What effects do these have on 
the structure of the coordination compound? 

Consider the paper by P.J. Fagan, J.C. Calabrese, and B. Malone, “A Multiply- 

Substituted Buckminsterfullerene (C¿o) with Octahedral Array of Platinum Atoms,” 

ÿƑ Am. Chem. Soc., 1991, 177, 9408-9409. 

(a) Êxplain how NMR spectroscopy has been tised to determine the structure of the 
tide compound. 

(b) What structural features make this compound similar to that of Question 1C 
above? 


SUPPLEMENTARY READING 


Ansell, M. E, “Diamond Cleavage,” Chem. Bør, 1984, 1017-1021. 
Baum, R. M., “Flood of Fullerene Discoveries Continues,” C»hzm. Eng. Neus, J]une 1, 


1992, 25-33. 


Diederich, F. and Whetten, R. L., “Cao: From Soot to Superconductors,” Ángeu. Chzm. 


Ini. Ed. EngL, 1991, 30, 678-680. 


382 


Chopter 14 /  Corbon 


Diederich, F. and Whetten, R. L., “Beyond a¿¿: The Higher Fullerenes," Acc. Chưm. 
s., 1992, 25, 119-126. 

Fagan, P. J. Calabrese, J. €., and Malone, B., “Metal Complexes of 
Buckminsterfullerene (Caa),” Ácc. Chem. Ras., 1992, 25, 134—142. 

Fischer, J. E., Heiney, P. A., and Smith, A. B., “Solid-State Chemistry of Fullerene- 
Based Materials,” Acc. Chem. Ra¿s., 1992, 25, 112~118. 

Fleming, R. M. et al., “Preparation and Structure of the Alkali-Metal Fulleride A„Cao,” 
Natưte (London), 1991, 352, 701—703. 

Haddon, R. €., “Electronic Structure, Conductivity, and Superconductivity of Alkali 
Metal Doped Gạo,” Acc. Chem. Ras., 1992, 25, 127—133. 

Hammond, G. S. and Kuck, V. J., Eds., “Fullerenes. Synthesis, Properties and 
Chemistry of Large Carbon Clusters,” ACS Symposium Series, American Chemical 
Society, Washington DC, 1992, 

Hare, J. P. and Kroto, H. W., “A Postbuckminsterfullerene View of Carbon in the 
Galaxy,” Acc. Chem. Fzs., 1992, 25, 106-112. 

Hawkins, J. M., “Osmylation of Cạạ: Proof and Characterization o£ the Soccer-Ball 
Framework,” Acc. Chơmn. Rss., 1992, 25, 150—156. 

Johnson, R. D., Bethune, D. S., and Yannoni, C. S., “Fullerene Structure and 
Dynamics: A Magnetic Resonance Potpourri,” Aec. Chem. Røs., 1992, 25, 169—175. 

Kelty, S. P., Chen, C., and Lieber, C. M., “Superconductivity at 30 Kin Cesium-Doped 
Cáo,” Nature (London), 1991, 352, 223-225. 

Kroto, H. W., “Cao: Buckminsterfullerene, The Celestial Sphere That Fell to Earth,” 
Angeu. Chem., Inl. Ed. Eng., 1992, 31, 111—246. 

Kroto, H. W., Allaf, A. W., and Balm, S. P., “Cao: Buckminsterfullerene,” Chem. Reu, 
1991, 97, 1213-1235. 

McElvany, S. W., Ross, M. M., and Callahan, J. H., “Characterization of Fullerenes by 
Mass Spectrometry,” Acc. Chem. Ras., 1992, 25, 162~168. 

McLafferty, F. W., Ed., “Special Issue on Buckminsterfullerenes,” Acc. Chem. Rš., 
1992, 25(3), 98-175. 

Schwarz, H., “CasFullerene. A Playground for Chemical Manipulations on Curved 
Surfaces and in Cavities,” Angeu. Chem. In. Ed. Engl, 1999, 31, 293-298. 

Sleight, A. W., “Buckminsterfullerene. Sooty Superconductors,” Na£re (Londơn), 
1991, 350, 557-558. 

Smalley, R. E., A/omic and Moleeular Crystals, E.R. Bernstein, Ed., Elsevier, 
Amsterdam, 1990. A general reference for Cụa. ` 

Smalley, R. E., “Sel£Assembly of the Eullerenes,” Acc. Chem. Røs., 1999, 25, 98—105., 

Troyer, R., “The Third Form of Carbon; A New Era In Chemistry,” Inferdisc. Sci. Rzu., 
1992, 77, 161-170. 

Wecaver, J. H., “Fullerenes and Fullerides: Photoemission and Scanning Tunneling 
Microscopy Studies,” Aœc. Chøm. Rzs., 1999, 25, 143-149. 

Wudl, F, “The Chemical Properties of Buckminsterfullerene (Czo) and the Birth and 
Infancy of Fulleroids,” Acc. Chem. Ras., 1992, 25, 157-161. 


C(Ghaptar I5 


THE GROUP IVB(14) 
ELEMENTS: SILICON, 
GERMANIUM, TIN, 
AND LEAD 


15-1 


Introduction 


Silicon is second only to oxygen in its natural abundance (~28% of the earths 
crust) and OCCurs 1n a great varlety of silicate minerals and as quartz (SiO;). 

Germanium, tin, and lead are rare elements (~1073%). Tin and lead have 
been known since antiquity because of the ease with which they are obtained 
from thelr or€s. 

Cassiterte (SnO,) occurs mixed in granites, sands, and clays. Lead ocCurs 
mainly as øgziz»a (PbS). 

Germanium was discovered in 1886 following the prediction of its existence 
by Dimitri Mendeleev. It occurs widely but in small amounts and is recovered 
from coal and zInc ore concentrates. 

The main use of Ge, Sn, and Pb is as the metals, but alkyltin and alkyllead 
compounds are made on a large scale (Chapter 29). 

The posidon of the elements in the periodic table and some general fea- 
tures, including the reasons for the existence of the lower II oxidation state, were 
discussed in Section 8-11. Some properties of the elements were given in Table 
8-4. 


Multiple Bonding 


It was earlier thought that silicon and the remainder of the Group IVB(14) ele- 
ments đid not form stable Øw-Øx mulúple bonds, as is common for carbon. 
Beginning ¡n the 1960s, however, transient intermediates with Si=C, Øn-Øt 
bonding were discovered in thermal decomposition reactions such as l1Š-]1.1, 
which takes place at 560 °C. 


HS >—> H,Si=CH;+CH,—=CH; (15-1.1) 


Numerous such compounds (R;Si=CR¿ and R¿M==MRˆ) for 5¡, Ge, and Š5n are 
now known to be isolable, provided that bulky groups are used, as discussed in 
Secton 15-7. 
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Although stoichiometric similarities exist between the compounds ofcarbon 
and those of the remaining elements of Group IVB(14) [e.g., the pairs CO; and 
SiO,, as well as (CH;);¿CO and (CH;),SiO], there is no structural or chemical 
similarity between them. Carbon dioxide is a gas, properly written O==C==O, 
whereas SiO; ¡s a giant molecule, or network substance, with each Š¡ atom singÌy 
bonded to four adjacent oxygen atoms, giving linked SiO, tetrahedra, as dis- 
cussed in Section 5-4. Also, reactlons of the compounds Of silicon and the lower 
elements of the group do not give products analogous to those for carbon. For 
example, the dehydration o£ alcohols gives alkenes, but the dehydration of 
silanols, R;Si(OH);, is accompanied by condensation, giving (R;SiO)„ and 
R;(OH)SiOSi(OH)R:. 

Whereas multiple bonds to carbon involve overlap of the Øw-/x variety, mul- 
tiple bonding for silicon and germanium (and to a lesser extent for tin) usually 
arise from a Ø-đr component, especially in bonds to Ô and N. Ĩt is important 
to note that this does not usually lead to conJjugation, as is so prevalent for car- 
bon. The following structural and chemical features of silicon and germanium 
compounds are best explained by some degree of Øønr-đr double-bond character. 


1. Trisilylamine, (H;S¡i)zN, differs from trimethylamine, (CH;);N, being 
planar rather than pyramidal, and being a very weak base. Disilylamine is also 
planar. These observatons can be explained by supposing that nitrogen forms 
dative 7 bonds to the silicon atom, as shown in Fig. 15-1. We assume that the cen- 
tra] nitrogen atom is s#” hybridized, leaving a filled 2ø, orbital, which overlaps ap- 
preciably with an empty silicon 3đ. (or 3đ) orbital. Thus a dative Øw —> đr# bond 
1s estabhshed, which provides additonal bond strength in each Si—N linkage of 
the molecule. It is this additional bond strength that stabilizes the NSi; skeleton 
in a planar configuration. In contrast, for N(CH;)s, since carbon has no low- 
lying đ orbitals, ø bonding alone determines the configuration at the AB,E car- 
bon atom, which is pyramidal. As an interesting comparison, consider trisi- 
lylphosphine, (H;S¡);¿P, whiích is pyramidal. Evidently phospborus is less able 
than nitrogen to form a #1 —> đt dative bond to silicon. 

2. In the vapor phase, H;SïNCO ¡is linear (hydrogen atoms excepted). This 
can be explained by the formation of a #w —> đt bond between nitrogen and sil- 
icon (H;Si==N==C==O). The corresponding carbon compound (H;CNCO) is 
not linear, since carbon has no vacant, low-ying đ orbitals. Interestingly, 
H;GeNCO ïs not linear in the gas phase. Evidently, effective øm-đ# bonding oc- 
curs for Si—N, but not for Ge—N. 


e2 9 e@ 
Œ© ¿ đồ 


Empty 3ở orbital Filled VN orbital Overlap 


of Sĩ 


Figure 15-1 : The formation of a đr-Øw bond between Si and 
N atoms in trisilylamine. 
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3. The disilyl ethers, (R;S¡)„O, all have large angles at oxygen (140—180°), 
and both electronic and steric explanations have been suggested. Electronically, 
overlap between filled oxygen Øt orbitals and empty silicon đw# orbitals would im- 
prove with increasing Si—O——Si angles, and might be most effective for a linear 
SI—O——Si group. There may also be very strong steric factors favoring more lin- 
car structures, especially for large R groups. For instance, the angle at oxygen is 
180” for (Ph;S¡),O. 

4. Silanols such as (GH;)zSiOH are stronger protonic acids than their car- 
bon analogs, and form stronger hydrogen bonds. This is due to stabilization of 
the conjugate base anion by O(Ør) —> Si(đ#) bond formation. A similar stabi- 
lization o£ the conjugate base anion can be invoked to explain the order ofacidi- 
ties (M = Sĩ > Gce > C) in the series RMCO,H. 


Stereochemisiry 


The stereochemistry of silicon compounds and the lower members of Group 
IVB(14) depend on the oxidation state. Also, unlike carbon, certain compounds 
Of these elements have five, six, seven, and eight or higher coordination. 

Cornpounds having øx?da#øn síafe IV are listed in Table 15-1. AlI of the ele- 
ments form tetrahedral compounds, some of whịch are chiral, for example, 
GeH(CH;)QG¿H; (ơœ-napthyl). Since valence shell expansion by use of outer đ or- 
bitals can occur, giving hybridizadons (such as đsø” and đ”s#ø”), five- and six-co- 
ordinate compounds are common, as shown 1n Table 15-1. Pentacoordination 1s 
found mainly in 


(a) Anions such as MXz and MR„X„ ;, which are usually trigonal bipyrami- 
dal, and are stabilized in the solid state by large cations. 

(b) Adducts of donor ligands with halides or substituted halides of the ele- 
ments, such as L—>MX%,. 

(c) For Sn, polymeric compounds R;SnX, where X acts as a bridge in the 
solid state structure. 


Octahedral coordination is common for all o£ the elements, although for lons 
and adducts, the preference for five or six coordination depends on delicate en- 
ergy balances, and cannot be predicted. 


Table I15-Ï  Coordination Number and Geometry of Tetravalent Compounds 
of the Group IVB(14) Elements 


Coordination 
Number Geometry Examples 

S Trigonal (AB;) (GgH)s9!- 

4 Tetrahedral (AB„) SiO;, SICl¿, GeHa¿, Pb(CHạ)„ 

5 : Trigonal bipyramidal (AB;) (CH;:);zSnCl(py), SnC:, 
SIFÿ;, RSIF¿ 

5 Square pyramidal (AB;) [XSI(O;OG¿H¿);]” 

6 Octahedral (AB,) SiEỆ-z(Si(6nc)gl?, [Si(ox);]?®, 

- GeO;, PbClậ~, røneGeCl,(py)a, 

Sn(S,ONEt)a 

7 Pentagonal bipyramid Ph;Sn(NO.,);(OPPh;) 

8 -_ Dodecahedral Sn(NO;)„, Pb(O,CCH;)„ 


mm ....`_ _ _ ____..._._...........__ N1 CtrroaanaaaaacZýŸỶỶïễẫnragaggggggggguaarssaasa 
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Table 15-2 Coordination Number and Geometry of Divalent Compounds of the 
Group I[VB(14) Elements 


Coordination 
Number Geometry Examples 
2 Angular (AB,E) Ge(N-#Bu;)›s, Pb(G¿H;); 
Sộ Pyramidal (AB;E) SnGI;:2 HO, SnGI;, Pb(SG¿H1;)a 
4 “Seesaw” (AB,„F) 'Pbhin PbaOx 
Sn(S,CNR,);› 
5 Square pyramidal (AB;E) Sn© (blue-black form), PbO 
6 Octahedral PbS (NaCl type) 
Gel; (Cal; type) 
Ú Complex (18-C-6)SnCI" 
9,10 Cormnplex Pb(NO;z);(semicarbazone) 


Pb(O,CCH,);-3 H„O 


Compounds having ox¿dafiơn sfafe HI are listed in Table 15-2. In many of the 
compounds of Sn”, and to a lesser extent Ge” and Pb”, the lone pair of electrons 
on the metal atom has important structural and stereochemical consequences. 
Eirst, the structures are such that the lone pairs, unlike the so-called “inert pairs,” 
appear to occupy a bond positon. Thus the SnCl; ion is pyramidal with a lone 
pAalr, as in NHạ. According to the AB,E, scheme, which was discussed in Chapter 
3, we would therefore consider this Šn atom to fall into the AB;E classification. 
The lone païr not only has structural consequences, but chemical ones as well; 
SnGÌ]; can act as a donor toward transiion metals, as in the complex 
[Pt“(SnCI;);]””. Consider also SnCl;'2H¿O, which contains a pyramidal 
SnGC],OH; molecule; the second water molecule is not coordinated, and is read- 
1ly lost at 80 °C. Other Sn" compounds, such as SnC]; and SnS, accomplish three 
coordination in the solid by use of a bridging group between the metal atoms. 
The Sn;Fš ion consists oŸ two SnF; groups sharing a fluorine atom. 

In Ge;F;z, the Ge” atoms fall into the AB;E classification, being square pyra- 
midal with the lone pair occupying the sixth position. The same is true of SnO 
(the blue-black form) and of PbO, in which there are MO,E. metal atoms. 


` 


Isolation and Properties of the Elements 


Siicon is obtained in the ordinary commercial form by reduction of SiO, with 
carbon or CaÖ; in an electric furnace. Similarly, Ge is prepared by reduction o£ 
GeO; with C or Hạ. Silicon and Ge are used as semiconductors, especially In tran- 
sistors. For this purpose, exceedingly high purity (<10”” atom % ofimpurities) is 
essential, and special methods are required to obtain usable materials. The ele- 
ment Is first converted to the tetrachloride, which is reduced back to the metal 
by hydrogen at high temperatures. After casting into rods it is zone reƒmed. A rod 
Of metal is heated near one end so that a cross-sectional wafer of molten silicon 
1s produced. Since impurities are more soluble in the melt than they are in the 
sohd they concentrate in the melt, and the melted zone is then caused to mOVv€ 
slowly along the rod by moving the heat source. This carries Impurides to the 
end. This process may be repeated. The impure end is then removed. Super- 
pure Ge Is made in a similar way. 
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Tin and lead are obtained by reduction of the oxide or sulfde with carbon. 
The metals can be dissolved in acid and deposited electrolytically to effect fur- 
ther purification. 

Silicon 1s ordinarily rather unreactive. It is attacked by halogens giving tetra- 
halides, and by alkalis giving solutions of silicates. Silicon is not attacked by acids 
except hydrofluoric; presumably the stability of [SIFs]” provides the driving 
force here. 

Germanium 1s somewhat more reactive than silicon and dissolves in con- 
centrated H;SO„ and HNO:. Tin and lead dissolve in several acids and are 
rapidly attacked by halogens. These elements are slowly attacked by cold alkali, 
and rapidly by hot, to form stannates and plumbites. Lead often appears to be 
more noble and unreactive than would be indicated by its standard potential of 
~0.13 V. Thịs low reactivity can be attributed to a high overvoltage for hydrogen 
and also, In sorme instances, to insoluble surface coatings. Thus lead ¡is not dis- 
solved by dilute H;SO„ and concentrated HƠI. 


Hydrides: MH,„ 


These are colorless gases. Only ?mønosizze (SIH,) 1s of any Importance. Thịs 
spontaneously flammable gas 1s prepared by the action of LIAIH¿ on SiO; at 
150-170 °C or by reducton of SiCl¿ with LIAIH¿ ín an ether. Although stable to 
water and dilute acids, rapid base hydrolysis gives hydrated S¡O; and Hạ. 

Substituted silanes with organic øroups are Of great Importance, as are some 
closely related tín compounds (Chapter 29). The most important reacton of 
compounds with Si—H bonds, such as HSICI; or HSi(CHg)s, is the Speler or hy- 
drosilation reacton of alkenes. 


RCH=CH, + SiHCI¿ —> RCH,CH,SiCl, (15-3.1) 


This reaction, which employs chloroplatinic acid as a catalyst, 1s commercially 
important for the synthesis of precursors to silicones. 


Chiorides: MCI¿ 


Chlorination of the hot Group IVB(14) elements gives colorless liquids (MOI,), 
except PbCl¿, which is yellow. The compound PbGl¿ may also be prepared by 
Reaction 15-4.1. 


PbO; + 4 HƠI ——> PbCk + 2 HạO (15-4.1) 


The tetrachlorides are eventually hydrolyzed by water to hydrous oxides, but lim- 
ited hydrolysis may give oxochlorides. In aqueous HCI, the tetrachlorides of Sn 
and Pb give chloroanions, [MCI¿]?”. 

The compound GeCl¿ differs from SiCL¿ in that the former can be distilled 
and separated from concentrated HCI, whereas silicon tetrachloride is immedi- 
ately hydrolyzed by water. 

The principal uses of SiCl¿ and GeQ, are ¡in the synthesis of pure Sĩ and Ge. 
Additonal uses of SiCl, and SnCH¿ are in syntheses of organometallic com- 
pounds (Chapter 29). 
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Oxygen Compounds 

Silica 

Pure SiO; occurs in two forms, gøziz and crisiobalie. The Sï 1s always tetrahe- 
drally bound to four oxygen atoms but the bonds have considerable ionic char- 
acter. In cristobalite the silicon atoms are placed as are the carbon atoms In dia- 
mond, with the oxygen atoms midway between cach pair. In quartz, there are 
helices so that enantiomorphic crystals occur, and these may be easily recognized 
and separated mechanically. ị 

Quartz and cristobalite can be interconverted when heated. These processes 
are slow because the breaking and re-forming of bonds is required and the acti- 
vation enersy ¡is high. However, the rates of conversion are profoundly affected 
by the presence of impurities, or by the Introduction of alkali metal oxides. 

Slow cooling of molten SiO; or heating any solid form to the softening tem- 
p€rature gives an amorphous material that 1s glassy In appearance and is indeed 
a glass in the general sense, that is, a material with no long-range order but, ín- 
stead, a đisordered array of polymeric chains, sheets, or three-dimensional units. 

Silica 1s relatively unreactive towards C;, H;, acids, and most metals at 25 °C 
or even at slightly elevated ternperatures but is attacked by F;, aqueous HE; alkali 
hydroxides, and fused carbonates. 

Aqueous HE gives solutions containing fluorosilicates (e.g., [SiFs]?”). The s- 
?ca/¿s have been discussed in Section 5-4. The fusion of excess alkali carbonates 
with SiO; at about 1300 °C gives water-soluble products commercially sold as a 
syrupy liquid that has many uses. Aqueous sodium silicate solutions appear to 
contain the ion [SiO;(OH);]?~ but, depending on the pH and concentration, 
polymerized species are also present. In weathering of rocks and soils, “silicic 
acid,” Si(OH)„, ¡is released in addiion to [AI(H,O);(OH)]?* and 
[AI(H;O)x(OH);]”, and it appears that soluble silica can thereby reduce the AI 
levels, through formation of aluminosilicates (Chapter 5). 

The basicity of the dioxides increases, with SiO; being purely acidic, GeO; 
less so, SnO; amphoteric, and PbO; somewhat more basic. When SnO; is made 
at high temperatures or by dissolving Sn in hot concentrated nitric acid, it is, like 
PbO;, remarkably inert to attack. 

Only lead forms a stable oxide containing both Pb” and Pb'Y, namely, PbạO„, 
which is a bright red powder known commercially as red lead. It is made by heat- 
¡ng PbO and PbO; together at 250 °C. Although it behaves chemically as a mix- 
ture of PbO and PbO;, the crystal contains Pb'ŸO¿ octahedra linked in chains by 
sharing opposite edges. The chains are linked by Pb” atoms each bound to three 
O atoms. 

There are no true hydroxides and the products of hydrolysis of the hydrides 
or halides, and the like, are best regarded as hydrous oxides. 

Among the most interesting and commercially valuable o£ silicon-oxygen 
compounds are the aluminosilicates, which have been mentioned earlier 
(Section 5-4). 


Complex Compounds 


Most o£ the complex species contain halide ions or donor ligands that are O,N, 
S, or P compounds. 
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Anionic Complexes 


Silicon forms only fuoroanions, normally [SiFs]?”, whose high formation con- 
stant accounts for the incomplete hydrolysis of SiF, in water, according to 
Reaction 15-6.1. 


2 SiF¿ + 2 H;O = SiO; + [SiFạ]” + 2 Hˆ + 2 HF (15-6.1) 


The ion 1s usually made by dissolving SiO; in aqueous HE and is stable even in 
basic solution. Under selected conditions and with cations of the right size, the 
[SIF;]” ion can be isolated, for example, 


SiO, + HF(aq)+ R,N'CL —° “2°” ›[R,NI[SIE,] (15-6.9) 


By contrast with [SiFs¿]”~, the [GeFs]?~ and [SnF¿]?” ions are hydrolyzed by bases; 
[PbFs]?” ion ¡s hydroliyzed even by water. 

Although Sĩ does not, the other elements give chloroanions, and all the ele- 
ments form oxalato ions [M(ox)s]Ê-. 


Colionic Complexes 


The most important are those of chelating uninegative oxygen ligands, such as 
the acetylacetonates. An example is [Ge(acac)a |”. 

The tetrahalides act as Lewis acids; SnCH¿ 1s a good Friedel-Crafts catalyst. 
The zđđc are 1:1 or 1:2 but it 1s not always clear in the absence of X-ray evi- 
dence whether they are neutral, that is, MX„L¿, or whether they are salts, for ex- 
ample, [MX;L¿]X;. Some of the best defined are the pyridine adducts, for 
example, frz»s(py)sS¡iClu. 


Alkoxides, Carboxyldtes, and Oxo Solls 


All four elements form alkoxides. Those o£ silicon [e.g., Si(OC;H;)¿] are the 
most important; the surface of glass or silica can also be alkoxylated. Alkoxides 
are normally obtained by the standard method, solvolysis of chlorides, as in Eq. 
15-6.3. 


MCI, + 4ROH + 4amine —> M(OR)„+4amine'HƠCI (15-6.3) 


Silicon alkoxides are hydrolyzed by water, eventually to hydrous silica. Of the car- 
boxylates, 2z fefraacefafe 1s the mmost ImpOrtant, as 1t is used in organic chemistry 
as a strong but selective oxidizing agent. It is made by dissolving PbạO¿ in hot 
glacial acetic acid or by electrolytic oxidation of Pb” in acetic acid. In oxidations 
the attacking species is probably Pb(OOCCH;)3, which is isoelectronic with the 
similar oxidant, TI(OOCCH;)s, but this is not always so, and sorme oxidatilons are 
free radical in nature. The trifuoroacetate is a white solid, whích will oxidize 
even heptane to give the ROOCCF; species, whence the alcohol ROH is ob- 
tained by hydrolysis; benzene similarly gives phenol. 

Tin(IV) sufa#, Sn(SO,);'2 HO, can be crystallized from solutdons obtained 
by oxidation o£ Sn” sulfate; it is extensively hydrolyzed in water. 

T?n(IV) nitra# is a colorless volatile solid made by interacton of N;O; and 
SnCL; it contains bidentate NOz groups giving dodecahedral coordinatlon. The 
compound reacts with organic matt€. 
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The Divdlent S†tate 

Silicon 

Divalent silicon species are thermodynamically unstable under normal condi- 
tions. However, several species, notably SiO and SiF;, have been identiied in 
high temperature reactions and trapped by chillng to liquid nitrogen tempera- 


tures. Thus at about 1100 *C and low pressures, the following reacton goes in 
about 99.5% yield: 


SiF¿+ Si —— 2SïF; (16-78) 


Silicon difuoride (SiF;) is stable for a few minutes at 10 cm pressure; the 
molecule ¡is angular and diamagnetic. When the frozen compound warms, It 
g1ves fuorosilanes up to ShsEsx. ị 


Germœnium 


Germanium dihalides are stable. Germanium difluoride (GeF;) is a white crys- 
talline solid obtained by the action ofanhydrous HF on Ge at 200 °Œ; it is a uo- 
rine bridged polymer with approximately tbp coordination of Ge. Germanium 
dichloride (GeCl];) gives salts of the GeC]s ion similar to those of£Sn noted in the 
next subsection. 


Tin 

The most important compounds are SnF; and SnCl;, which are obtained by heat- 
¡ng Šn with gaseous HF or HƠI. The fuoride is sparingly soluble in water and is 
used in fuoride-containing toothpastes. Water hydrolyzes SnCl; to a basic chÌo- 


ride, but from dilute acid solutions SnCl;-2H.O can be crystallized. Both halides 
dissolve in solutions containing an excess of halide ion, thus 


SnF; + E" =SnF§ pK=l (15-7.2) 
SnGl+ CF =§nCl  p&~9 (15-7.3) 


In aqueous fluoride solutions SnFš ¡s the major $pecies, but the ions SnF* and 
Sn;F; can be detected. 


The halides dissolve in donor solvents such as acetone, pyridine, or DMSO, 
to give pyramidal adducts, for example, SnClạOC(CH;)¿. 
The very air-sensitive tin(I) ion (Sn?*) occurs in acid perchlorate solutions, 


which may be obtained by reduction of copper(II) perchlorate as in Reacton 
15-7.4. 


Cu(ClO,); + Sn/Hg = Cu + Sn#* + 9 GIO; - (15-7.4) 


Hydrolysis gives [Snz(OH)„]?, with SnOH* and [Snz(OH),]?* in minor 
amounts. 


3 SnŸ” + 4H,O => [Sn;(OH),]*'+4H* - log K=-677 (1575) 


The trimeric, probably cyclic, ion appears to provide the nucleus of several basic 
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tin(II) salts obtained from aqueous solutions at fairly low pH. Thus the nitrate 
appears to be Sn;(OH)„(NO/); and the sulfate, Sn;(OH);OSO,. All Snl solu- 
tions are readily oxidized by oxygen and, unless stringentÌy protected from air, 
normally contain some SnÌŸ, The chloride solutions are often used as mild re- 
ducing agents. 


SnGCIỆ" + 2 e" =SnCl; + 3 CI” È° = ca. 0.0 V (1 MHCQI, 4 M CT) (15-7.6) 


Led 


Of the four elements, only lead has a well-deined low-valent catonic chemistry. 
The lead(H) ion (PbŸ") is partially hydrolyzed in water. 


Pbể* + H;O = PbOH'" + H* log K=-—7.9 (15-7.7) 


In concentrated solutions and on addition o£ base, polymeric ions that contain 
three, four, and six Pb atoms are formed. The crystalline “basic” salt 


[Pb¿O(OH)s]°”(C1Oz)„-HạO 


has the cluster structure in Fig. 15-2. The O atom lies at the center of the mid- 
dle tetrahedron, while the OH groups lie on the faces of the outer tetrahedra. 

Most lead salts are only sparingly soluble in water and some (e.g., PbSO¿ or 
PbCrO,) are insoluble. The common soluble salts are Pb(NO;); and 
Pb(CO,CH;);-2 H;O, which 1s incompletely ionized in water. The halides are al- 
ways anhydrous and in solution they form complex species PbX”, PbXs, and so 
on, except for the fluoride where only PbF” occurs. 


Sileẳenes and Other Organo Compounds 


Although for many of the elements, discussion of organo chemistry has been re- 
served for later chapters, it is now appropriate to mention the recent develop- 
ments in divalent organo chemistry for silicon, germanium, and tin. Compounds 
Of stoichiometry GeR; or SnR;, which were known for a long time, proved to be 
cyclogermanes or stannanes such as (Me;Sn)¿ (where Me = CH;), or various 
other polymers with MP—M bonds. Also, the silicon compounds made by the 
reduction of R;SiCl; with Lĩ or Na/Kin THE, where R is øø a bulky ligand, are 


Figure 15-2 The three face-sharing tetrahe- 
dra of Pb atoms in the Pb¿O(OH)$£ˆ cluster. 
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cyclic polymers. These compounds are often similar to hydrocarbons, but differ 
in having large (~115°) SI—SI—SI angles. 

However, when the alkyl or aryl R groups are very bulky, monomers (MR;) 
or dimers (R,M=MR;) can be isolated. The simplest silene (Me;Sĩ) can be ob- 
tained only in the gas phase or in solution by thermal decompositon of the 
cyclic hexamer, as in Reaction 15-7.8. 


oœclo-(MezSi)¿ —> œdlo-(Me;Si); + Me;Si (15-7.8) 


The first isolable szzw2, the yellow tetramesityl disilene, Structure 15-I 


I1€S 


where mes = CH; 


TT, 


can be made photochemically according to Reaction 15-7.9. 
(mes);Si(SiMe;)¿ —> (mes);Si=Si(mes); + (MezSi); ' (15-7.9) 


Thịs compound is an air sensitive, but thermally stable solid, with a slightly bent 
trans structure, the angle 9 being 18”. In this respect, this silene differs from typ- 
ical alkenes, which are planar. The Si=Si bond (2.16 Ả) is about 9% shorter 
than a Si—Si single bond. Many other disilenes can be made by the reduction of 
R;SICl; with Li, and some compounds have sufficiently strong double bonds to 
permit the existence of cis and trans isomers. There are similar R;Si=CR; com- 
pounds containing Si=C bonds. A good example is Me,Si=C(SiMe;) (SiMe- 
(-Bu;), where the G,SI=CSi; skeleton is planar, with a C=Si bond distance of 
1.709 Ả. Finally, compounds with SN, SI=P, and Si=O bonds are known, for 
example, /-Bu,Si==NS§i-/-Bu:. 

The gemenss, which can be made by the acton of Grignard reagents on 
GeCl;-dioxane in ether, and stannenes, are less stable than silenes. Distortions 
from planar geometry are larger than is found among the silenes. Tin and lead 
form highly colored monomers or dimers, but in Sn;R„ the Sn-—Sn distance is 
2.76 Ả, a value closer to that of a Sn—Sn single bond. 


Summơry of Group Trends for the 
Elements of Group IVB(14) 


Using the list of periodic chemical properties listed in Secuon 8-11, as well as 
propcrties mentioned in Chapters 14 and l5, we can now summarize the peTI- 
odic trends in the properties of the elements of Group IVB(14). 
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1. Carbon 
(a) Is completely nonmetallic. 
(b) Has a strong tendency for catenation among Its compounds. 
(c) Forms molecular (covalent) substances almost exclusivcly (carbides 
excepted). 
(đ) Obeys the octet rule, the maximum covalence being four. 


(e) Forms divalent (lower valent) compounds that are unstable (as in re- 
active Intermediates), or that exist as such only as a formality (e.g., 
CO). 

(f) Forms hydrides that are stable, molecular substances that are difficult 
to hydrolyze, but oxidize readily. 


(g) Forms stable, molecular halides that are not readily oxidized or hy- 
drolyzed. 


(h) Forms oxides (CO and CO,) that are acidic anhydrides. 
()_ Forms muldple bonds o£the Ø-Ør variety, which can be conJugated. 


2. Silicon 
(a) Is a nonmetal. 
(b) Displays lite or no tendency for catenation among its compoundb. 


(c) Forms mostly covalent substances, as well as polyatomic lons and 
Oxoanions containing covalent bonds. 

(d) Readily undergoes coordinaton number expansion to a maximum 
covalence of six, namely, SiFz and SiFỆ”. 

(e) Forms divalent (lower valent) compounds only rarely, an example 
being the unstable SiF:. 

(f) Forms hydrides that are reactive and unstable, an example being 
SiH¿, which 1s readily hydrolyzed. 

(g) Forms molecular halides that are readily hydrolyzed. 

(h) Forms an oxide (SiO;) that is an acidic, covalentnetwork substance. 

()_ Forms strong, but unconjugated multiple bonds o£ the Ø-đït variety, 
especially to O and N. 

3. Germanium, Tin, and Lead 

(a) Are increasingly metallic on descent o£ the group, Ge being most like 
Si. 

(b) Display little catenation, since in general bond strength decreases on 
descending the group. 

(c) Form both covalent and Ionic substances. 

(d) Form compounds with a variety of coordination numbers, six or eipht 
being common. 

(e) Form divalent (lower valent) compounds that are increasingly stable 
upon descending the group. 

(f) Do not form any important covalent hydrides. 

(g) Form both highvalent (MX,) and low-valent (MX;) molecular 
halides, which are readily hydrolyzed and undergo coordination 
number expansion to produce, for instance, SnGI2- or PbCl§”. 


(h) Display increasingly metallic character on descent of the group, as 
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demonstrated by the following. Whereas SiO; is acidic and SnO; is 
amphoteric, PbO; is purely a basic anhydride. 

() Form multple bonds of the Øø#-đr variety, but less effectively on de- 
scent Of the group. 


STUDY GUIDE 


Study Questions 


A. Review 


'Why is CO; a gas and SiO; a giant molecule? 

Explain what is meant by đm-Ø bonding. 

'Why does tin form divalent inorganic compounds more easily than silicon? 
How is super pure Ge made from GeO;? 


Write balanced equations for the synthesis of SiH¿ and for its hydrolysis by aqueous 
KOH. 


Why ¡s CCl¿ unreactive to HO, whereas SiCH¿ is rapidly hydrolyzed? 

Why ¡s SiF„ incompletely hydrolyzed by water? 

Explain the nature of zeolites and of molecular sieves. 

Why does silicon have much less tendency to form bonds to itself than does carbon? 
How ¡s lead tetraacetate made? 


._ What is red lead? 
._ What is the nature o£Sn” in aqueous chloride solution? 


B. Addiftiondl Exercises 


1. 


10. 
11. 


Explain why H;SïNCS has a linear SÍNCS group, whereas in HCNCS the CNC group 
1s angular. 


-_ Why are silanols, such as (CH;);SiOH, stronger acids than their carbon analogs? 


List the various types oŸ geometries among the compounds of the tetravalent Group 
IVB(14) elements and give examples. For each example, give the structural classifi- 
cation for the Group IVB(14) atom, according to the AB,E, scheme of Chapter 3. 
What methods could one use to determine the nature of 1:1 and 1:2 adduets of SnCl, 
with neutral donors? 

'Why can Sn" compounds, such as SnC15s, act as đdonors (igand§) to transition metals? 
The single-bond energies for the elements of the first and second short periods fol- 
low the trends C> Si; N<P;O<S; E<Cl. Why is the first païr in the list apparently 
anomalous? 

Predict the relative -bond strength between B and N in the two compounds 
bis(trimethylsilyl)aminoborane and bis(#zí-butyl)aminoborane. -Explain YOUT an- 
swer In terms of the 7£ orbitals that are involved. 

Draw the -bond system that is responsible for the planarity of trisilylamine. 

Draw the Lewis diagrams and discuss the geometries of SnCI,, SnCls, and 
[PtSnGiB)¿]—. 

Balance the equation for the reaction of SiCl¿ with LiAIH,,. 


se valence shell electron-pair repulsion (VSEPR) theory to compare the bond an- 
gles in the pyramidal ions SnEFs, SnClạ, and GeC]:. 
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l2 


13. 


14. 


15. 
16. 


1?. 


18. 


"5. 


20. 


21. 


22. 


23. 
24. 
25. 
26. 


Review the material of Section 8-11 plus the material of this chapter, and sunmarize 
the facts concerning the low-valent state for the elements of Group IVB(14), citing 
Specific compounds as examples to illustrate each point. 


Compare the reactivities of the divalent chlorides (GeCl;, SnCl1;, and PbCl¿) with 
chlorine, and use this information to arrive at the correct order of stabilities of the 
divalent state for these elements. 


Diagram the apparent extent of the @bonding systems in H;SiNCO and ¡in 
H;GeNCO, taking into consideration the geometries of the two. 


Explain the planarity of disilylamine using an orbital overlab approach. 


Offer an explanation for the relative extent of N-to-M £ bonding in H;SiNCO versus 
H;GeNCO. 


The compound SnCl;(C.H;); crystallizes as long needles, in which there are 
Sn—Cl—Sn bridges in one plane and ethyl groups In coordination positlons per- 
pendicular to that plane. The effective coordination number o£ Šn in the solid is six, 
but there are two Sn—CTI distances In the structure. Propose a solid state structure. 


Choose the correct answer from among the following possibilities: 
(a) The most stable low-valent halide: 
Ge(Cl; SnCl; PbCI; 
(b) A nonexistent halide: 
SnGl, PbClL¿ Pbl, 
(c) A purely acidic oxide: 
PbO, SnO,  SiO, 
(đ) EForms an oxoacid on treatment with HNO:: 
P„ Sb¿ Bị 
(e) The most stable hydride: 
NH PH; AsH; 
(f) The substance that is coordinatively saturated: 
CO, SiCU, PbCl¿ 
(g) The substance that is not coordinatively saturated: 
SnF; CH, PIạ 
Explain how the following reaction demonstrates the acidity of SiO;: 


SIO; p Na;O =—. Na;SiOs 


List and explain three ways in which the chemistry of carbon differs from that of the 
other Tnembers of the group. 

Give balanced equations for each o£ the following: 

(a) Production of Ge from the oxide. 

(b) Oxidation of Sĩ by chlorine. 

(c)_ Dissolution of SnC]; in pyridine. 

(d) Hydrolysis of GeChụ. 

(e) Hydrolysis of Sn“* solutions. 

(f) Hydrolysis of SiFạ. | 

Why does the tendency towards catenation decrease on descent of Group IVB(14)? 
Illustrate your answer with some examples. 

Suggest a synthesis, starting from elemenral silicon and fluorine, of SiFỆ-. 

What is the main product on reaction of lead with chlorine, PbCl,, PbCl;, or PbOCI? 
Suggest a synthesis of lithium bis(dimethylsilyl)amide. 

Sketch the structures of SnCl;, SnCl;, SnF„, and SnF;. 
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C. Quesfions from the Literdture of Inorgoanic Chemistry 


1. Letthe paper by R.H. Nielson and R. L. Wells, /mơrg. Chem., 1977, 16, 7—11, serve as 
a basis for the following questlons: 


(a) What typical values for B—N rotational barriers does one expect for mono-, bis-, 
and tris-aminoboranes? 

(b) Why should studies of rotational barriers in these aminoboranes indicate the rel- 
ative extent of7x bonding between boron and an Mtrimethylsilyl, an Mtrimethyl- 
germyl, and an Mtrimethylstannyl substituent? 

(c) Both a steric and a competitive 7-bonding argument can be given to explain the 
trends reported here. Elaborate. 

2. Consider the paper by D. Kummer and T. Seshadri, Ang¿u. Chem. Iml. Ed. Eng., 1975, 

14, 699-700. 

(a) Determine the oxidation state of Sĩ and draw the Lewis diagram for cach of the 
Si-containing compounds mentioned ïn this article. 

(b) Predict the geometry for each of these compounds. 

3. Compare and contrast the structure of and the bonding in two different classes of 

Sn!Ÿ compounds as presented in 


(a) RaSnX; 
N.W. Alcock and ƒ. E. Sawyer, J. Chem. Soc., Dalton Trưns., 1977, 1090—1095. 

(B) SnC1,(PRs); 
G. G. Mather, G.M. McLaughilin, and A. Pidcock, J. Chem. Soc., Dallon Trans., 
1973, 1823-1827. 

4... Consider the compounds M[CH(Me;Si) ;];, where M = Ge, Sn, or Pb, as described by 
J.D. Cotton, P.J. Davidson, and M.E. Lappert, J. Chem. Soc, Dalton Trans., 1976, 
2275~2285. 

(a) Draw the Lewis diagram of these substances. 
(b) Explain (and give an example of) each of the four types of reactions mentioned 
for these substances. 

5. Look up the structure of PbO (Adø Crysiallogr, 1961, 1, 1304) and describe the 
geometry at lead. What structural role does the “lone pair” play? 

6. The structure of the [K(18-C-6) ]* salt of [(/-Bu)sC¿H,——SIE,]” was reported by S. E. 
Johnson, R. O. Day, and R. R. Holmes, lmơrg. Chem., 1989, 26, 3182. What unusual 
bond angles are there in this anion, and what is the apparent cause? 


7. Read the first report on the structure of two stable disilenes by M.J. Fink, M.]. 
Michalczyk, K. J. Haller, R. West, and J- Michl, “X-ray Structure o£ Two Disilenes,” 
Organormetalcs, 1984, 3, 793-800. 


(a) Which of these two disilenes has a structure most like an alkene? 
(b) What two principle deviations from planarity are noted for Compound 7a? 


(c) What explanadons do the authors give for the pyramidalizadon at Sỉ in 
Compound 7z? 


(d) Why do these distortions from planarity not occur for Compound 1? 
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NITROGEN 


ló-! Iniroduction 


The nitrogen atom (1522s?2ø,20,2Ð,) can complete its valence shell in the fol- 
lowing ways: 


1. Electron gain to form the nitride ion NỶ; this lon is found only in saltlike 
nitrides of the most electropositive metals. 

2. Formation oŸ electron-pair bonds: (a) single bonds, as in NHạ, or (b) 
multiple bonds, as in :N=EN:, —N==N—, or NO:. 

3. Formation of electron-pair bonds with electron gain, as in NH; or NH”. 

4. Formation of electron-pair bonds with electron loss, as in the tetrahedral 
ammonium and substituted ammonium ions, [NR„]”. 


The following structural types (recall Chapter 3) are common among those 
compounds of nitrogen having covalent bonds: AB„ (as in tetrahedral NR¿); 
AB;E (as in pyramidal NR;); AB;E; (as in bent NRz); AB; (as in planar NO;); 
AB,E (as in bent R¿C=N—OH); and ABE (N;). There are a few stable specles 
in which, formally, the nitrogen valence shell ¡is incomplete. Nitroxides, 
R„N=ŸÖ, NO, and NO; are the best examples; these have unpaired electrons and 
are paramagnedc. 


Three-Covdolenl Niirogen 


The molecules NR; are pyramidal; the bonding is best considered as involving 
sỹ” hybrid orbitals so that the lone pair occupies the fourth positon. There are 
three points to nof€: 


1. As a result of the nonbonding electron païr, all NR; compounds behave 
as Lewis bases and they give donor-acceptor complexes with Lewis acids, 
for example, FzB:N(CH;);, and they act as lgands toward transiion 
metal ions as in, for example, I7 NHa)g[ `. 

2. Pyramidal molecules (NRR“R”) should be chiral. Optical isomers cannot 
be isolated, however, because such molecules very rapidly undergo a mo- 
tioön known as 2#øerszơn 1n which the N atom oscillates through the plane 
of the three R groups, much as an umbrella can turn inside out (Fig. 
16-1). The energy barrier for this process is only about 24 kJ 
mol". 

3. There are a very few cases where three-covalent nitrogen 1s planar; In 


these cases multiple bonding is involved as we discussed for N >2 ~9 
3907 
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Ô Figure Tó-Ï Diagram illustrating the inversion o£ NHạ. 


Secuton 15-I. The N-centered triangular metal complexes such as 
[NIrz(SO,)¿(H;O);]“— are similar. 


N—N Single-Bond Energy 


The N—N single bond 1s quite weak. Ifwe compare the single-bond energies: 


HẠC—CH HạN—-NH, HO-OH F—F Units 
350 160 140 150 kJ mol" 


1t1s clear that there ¡is a profound drop between © and N. This difference is prob- 
ably attributable to the effects of repulsion between nonbonding lone pairs. The 
result 1s that, unlike carbon, nitrogen has little tendency to catenation. 


Multiple Bonds 


The propensity of nitrogen, like carbon, to form Z##—?' multiple bonds is a fea- 
ture that distinguishes ¡it from phosphorus and the other Group VB(15) ele- 
ments. Thus nitrogen as the element is dinitrogen (N;), with a very high bond 
strength and a short internuclear distance (1.094 Ä), whereas phosphorus forms 
P¿ molecules or infinite layer structures in which there are only single bonds 
(Section 8-5). 

Where a nitrogen atom forms one single and one double bond, nonlinear 
molecules result, as shown in Structures 16-I to 16-IV. 


bác ;o ỆNG =:ớ 


` ‹ b_ 
; C 
| | 
N. N 
V2 ° ` 
HO OH 
16-I 16-I 
: XRh CạH; 
N 
| | 
Về: “ 
H;Gœ, 2H; 
16-11 16-IV 


Each nitrogen atom in these structures is of the AB;E type, uses s#° hybrid or- 
bitals, and forms a £ bond using the unhybridized 2ø orbital. 
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In the oxo anions NO¿z (AB;E) and NO; (AB,), there are multiple bonds that 
may be formulated in either resonance or MO terms, as discussed in Chapter 3. 


Occurrence and Properiies of the Element 


Nitrogen occurs In nature mainly as dinitrogen, N; (bp 77.3 K), whích comprises 
78% by volume of the earth`s atmosphere. The isotopes !#N and !”N have an ab- 
solute ratio !“NÑ/!?N = 272.0. Compounds enriched in !?N are used in tracer stud- 
1€S. 

The heat of dissociation o£N; 1s extremely large. 


N;(g) =2N(@) AH= 944.7 k] mol" K. =1” (16941) 


The great strength of the N=N bond is principally responsible for the chemical 
inertness of N; and for the fact that most simple nitrogen compounds are en- 
dothermic even though they may contain strong bonds. Dinitrogen is notably 
unreactive in comparison with isoelectronic, triply bonded systems such as 
X—C=C—X, :C=O:, X—C=N:, and X—NEC:. Both —C=C—— and —C=N 
Øroups can act as donors by using their 7£ electrons, whereas Ñ; does not. Ít can, 
however, form complexes similar to those formed by CO, although to a much 
more limited extent, in which there are M—N=N: and M<-C=EO: configura- 
tions (Chapter 28). 

Nitrogen is obtained by liquefaction and fractionation of air. It usually con- 
tains some argon and, depending on the quality, upwards o£ about 30 ppm o£ 
oxygen. Spectroscopically pure N; is made by thermal decomposition of sodium 
or barium azide. 


2 NaN;— 2 Na + 3N; (16-2.2) 


The only reactions of NÑ; at room temperature are with metallic Li to give 
LiạN, with certain transidion metal complexes, and with nitrogen fixing bacteria. 
These nitrogen fixing bacteria are either free living or symbiotic on the root nod- 
ules of clover, peas, beans, and the like. The mechanism by which these bacteria 
ñx N; is unknown. 

At elevated temperatures nitrogen becomes more reactive, especially when 
catalyzed.”Typical reactions are 


N;(g) + 3 H;(g) = 2 NH;(g) ñ. Mạ =.10 nh” (16-2.3) 

N;(g) + O;(g) =2 NO(g) 70 l5 (162.4) 

N;(g) + 3 Mg(s) =Mg;N;(s) (16-2.5) 

N;(g) + CaC;(s) = C(s) + CaNCN(s) (16-2.6) 
Nitrides 


Nitrides of electropositve metals have structures with discrete nitrogen atoms 
and can be regarded as ionic, for example, (G8°*)§(N”¬ÿgñd (1¡`);N”-. Their 
ready hydrolysis to ammonia and the metal hydroxides is consistent with this. 
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Such nitrides are prepared by direct interaction or by loss of ammonia from 
amides on heating, for example, 


3 Ba(NH;)¿——> BaạN; + 4 NHạ (16-3.1) 


Transiion metal øz22zs are often nonstoichiometric and have nitrogen 
atoms in the interstices of close-packed arrays of metal atoms. Like the similar 
carbides or borides they are hard, chemically inert, high melting, and electrically 
conducting. 

There are numerous covalent ød2s (BN, S„N„, PzN;, etc.), and their prop- 
erties vary greatly depending on the element with which nitrogen 1s combined. 
These are, therefore, discussed more fully under the appropriate element. 


Nitrogen Hydrides 
Ammonid 


Ammonia (NH;) ¡s formed by the action of£a base on an ammonium salt. 
NH„X+OH —› NH; + H;ạO + X” (16-4.1) 
Industrially, ammonia is made by the Haber process in which the reaction 


N;(g) + 3 H;(g) = 2NH;(g) AH=-46 kJ mol ` (16-4.3) 


Ka;‹¿= 108 atm"° 


is carried out at 400-500 °C and pressures of 10?-10” atm in the presence of a 
catalyst. Although the equilibrium is most favorable at low temperature, even 
with the best catalysts, elevated temperatures are required to obtain a satisfactory 
rate. The best catalyst is œiron containing some oxide to widen the lattice and 
enlarge the active interface. 

Ammonia is a colorless, pungent gas (bp 33.35 °C). The liquid has a large 
heat of evaporation (1.37 k] gˆ' at the boiling poInt) and can be handled in or- 
đinary laboratory equipment. Liquid NH; resembles water in its physical behav- 
lor, being highly associated via strong hydrogen bonding. Its đielectric constant 
(~22 at -34 °C; cf. 81 for H;O at 25 °C) ¡s sufficiently high to make ït a fair lon- 
1zing solvent. Its selfionization has been discussed previously (Section 7-3). 

Liquid NH; has lower reactivity than HO toward electropositive metals and 
đissolves many of them (Section 10-3). 

Because NH;(€) has a much lower dielectric constant than water, it is a bet- 
ter solvent for organic compounds but generally a poorer one for ionic inor- 
ganic compounds. Éxceptons occur when complexing by NH; is superior to that 
by water. Thus Agl is exceedingly insoluble in water but very soluble in NH:. 
Primary solvation numbers of cations in NH; appear similar to those in H.O, for 
example, 5.0 + 0.2 and 6.0 + 0.5 for Mg”' and AlŸ*, respectively. 

Ammonia burns in air: 


4 NH;(g) + 3 O;(g) = 2 N;(@) +6 H;O(g) ‹- K¿;.c= 103? (16-4.3) 
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Reacton 16-4.3 is thermodynamically favored under normal conditions. 
However, at 750-900 °C, in the presence o£ a platinum or a platinum-rhodium 


catalyst, reaction of ammonia with oxygen can be made to give NO instead ofNÑ¿, 
as 1n Eq. 16-4.4: 


4 NH;: Sp 5 O, = 4 NO sp 6 H,O Ks SG = 1ó” (16-4.4) 


thus affording a useful synthesis of NO. The latter reacts with an excess of Os to 
produce NO,, and the mixed oxides can be absorbed in water to form nitric acid. 


2NO+O; —>› 2NO, (16-4.5) 
3 NO; + H;O ——> 2 HNO; + NO and so on (16-4.6) 


Thus the sequence in industrial utilization o£ atmospheric nitrogen is as follows: 


H; Ọ O;+H,O 


N; Haber NH; Dauaf NO › HNO; (aq) (16-4.7) 
Process PrOCess 


Ammonla is extremely soluble in water. Although aqueous solutions are gen- 
erally referred to as solutions of the weak base NH,OH, called 2znwomwm hy- 
đroxidz, undissociated NH,OH probably does not exist. The solutions are best de- 
scribed as NH;(aq), with the equilibrium written as 


NH,(aq)+H,O=NH;+OH K,„= [NH¿J[OH ] 
 NHỊ 


=1.77410” (pK,=475) 


(16-4.8) 


Ammonium Sdlfs 


Stable crystalline salts of the tetrahedral NH‡ ion are mostly water soluble. 
Ammonium salts generally resemble those of potassium and rubidium in solubil 
ity and structure, since the three ions are of comparable (Pauling) radii: NH¿' = 
1.48 Ả, K* = 1.33 Ả, Rb† = 1.48 Ả. Salts of strong acids are fully ionized, and the 
solutions are slighdly acidic. 


NHẠC] = NH¿ +~CT” Kxzeœ (16-4.9) 

NHZ + H;O =NH; + H;ạO” K79 H6t5 x 102 (16-4.10) 

Thus, a 1 Ä7solution will have a pH of about 4.7. The constant for the second re- 
action is sometimes called the hydrolysis constant; however, it may equally well 


be considered as the acidity constant of the cationic acid NH¿”, and the system 
regarded as an acid-base system in the following sense: 


NHZ + H;O = HạO” + NH;ạ (aq) (16-4.11) 
Acid Base — Acid Base 


Many ammonium salts volatilize with dissociaton around 300 ”C, for exam- 
ple. 
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NH,CI(s) =NH;(g) + HCI(g) AH= 177 k] mol" 
Ẩạs.c= 10718 (16-4.12) 


NH„NO;(s) =NH;(g) + HNO,(g) _ A= 171k] mol' (16-4.13) 


Salts that contain oxidizing anions may decompose when heated, with oxidation 
of the ammonia to N;O or ÑNạ, or both. For example, 


(NH¿);CrzO;(s) = N;(g) + 4 H;O(g) + CrzOs(s) 
AH=-315 kJ mol" (16-4.14) 


NH„NO;(© = N;O(g) + 2 H;O() AH= -23 k] mol" (16-4.15) 


Hydrozine 


Hydrazine (N;H,) may be thought o£ as derived from ammonia by replacement 
of a hydrogen atom by the NH; group. It is a bifunctional base, 


N,H„(aq)+HạO=N,H‡+OH_  Kzz›=85x107 (164.16) 
N;Hÿ(aq) +HạO=N,HỆ+OH_  K„.=8.9x1015 (164.17) 


and two series of hydrazinium salts are obtainable. Those of N.Hÿ are stable in 
water, while those of N;Hậ are extensively hydrolyzed. Salts of N„HỆ* can be ob- 
tained by crystallization from aqueous solution containing a large excess of the 
acid, since they are usually less soluble than the monoacid salts. 

Anhydrous N;H¿ is a fuming colorless liquid (bp 114 °C). It is surprisingly 
stable in view of its endothermic nature (AH?= 50 kJỊ mol”). It burns in air with 
considerable evolution of heat. 


N;H,(@ + O;(g) =N;(g)+92HạO(@)  AH°=-692kJmol! (16-418) 


Aqueous hydrazine is a powerful reducing agent in basic solution, normally 
being oxidized to nitrogen. Hydrazine is made by,the interaction of aqueous am- 
monia with sodium hypochlorite. 


NHạ + NaOCI——> NaOH+NH,Cl  (Fast) (16-4.19) 
NH; + NH;Cl + NaOH ——> N;H„ + NaCl + H,O (16-4.20) 


However, there is a competing reaction that is rather fast once some hydrazine 
has been formed. 


2 NH;CI + N;H„—— 9 NH„CI+N; (16-4.21) 


To obtain appreciable yields, it is necessary to add gelatine. This sequesters heavy 
metal ions that catalyze the parasitic reaction; even the part per million or so o£ 
Cu”” in ordinary water will almost completely prevent the formation of hy- 
drazine if no gelatine is used. Since simple sequestering agents such as EDTA are 
not as beneficial as gelatine, the latter is assumed to have a catalytic effect as well. 
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Hydroxylamine 


Hydroxylamine (NH;OH) is a weaker base than NH;: 
NH,OH(aq) + HO =NHạOH'+OH-  K¿z.‹c=6.6x102 (16-4.22) 


Ít is prepared by reduction of nitrates or nitrites either electrolytically or 
with SO;, unđer controlled conditions. Hydroxylamine 1s a white unstable solid. 
In aqueous solution, or as its salts [NH;OH]CI or [NH;OH];SO/, ít is used as a 
reducing agent. 


Azides 


Sodium azide can be obtained by the reacton 


3 NaNH, +NaNO,—“““ ›NaN,+3 NaOH+NH, (16-493) 


Heavy metal azides are explosive and lead or mercury azide have been used in 
đetonation caps. The azide ion, which ¡is linear and symmetrical, behaves rather 
like a halide ion and can act as a ligand in metal complexes. The pure acid 
(HN;) is a dangerouslÌy explosive liquid. 


Nitrogen Oxides 
Dinitrogen Monoxide (Nifrous Oxide) 


Nitrous oxide (N;O) ¡s obtained by thermal decomposition o£ molten ammo- 
nium nitrate. 


NH,.NO,—“=—>N,O+9 H,O (16-5.1) 


The contaminants are NO (which can be removed by passage through fer- 
rous sulfate solution), and 1-2% of nitrogen. Thermodynamically, nitrous oxide 
is unstable relative to N;ạ and atomic oxygen (AG= 105 kJ mol”), but it is kinet- 
ically stable in the absence of transition metal complexes with which it reacts by 
O atom transfer, giving Nạ and M=O or M—O——M bonds. 

Nitrous oxide has the linear structure NNO. It is relatively unreactive, being 
inert to the halogens, alkali metals, and ozone at room temperature. Ôn heat- 
ing, it decomposes to N; and Õ¿. At elevated temperatures, it will react with the 
alkali metals and with many organic compounds. It will oxidize some low-valent 
transition metal complexes and ïtself forms the complex, [Ru(NH;) sNg@Ø1®⁄4E 
1s used as an anaesthetic. 


Niirogen Monoxide (Nitric Oxide) 


Nitric oxide (NO) is formed in many reactions involving reduction of nitric acid 
and solutions of nitrates and nitrites. For example, with 8 M nitric acid, we have: 


8 HNO; + 3 Cu——> 3 Cu(NO;); + 4 HạO + 2 NO (16-5.9) 
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Reasonably pure NO ¡s obtained by the aqueous reactions: 


2 NaNO, + 2 NalI + 4 H;SO„ ——> 
I,+4NaHSO,+92HO+92NO  (16-5.3) 
2 NaNO; + 9 FeSO, + 3 HạSO,——> Fez(SO,); + 9 NaHSO, 
+2H,O+2NO ... (16-5.4) 


or, using molten salts, 
3 KNO;(€) + KNO;s(©) + CrzO;(s) ——> 2 K;CrO,(s, €)+4NO (16-5.5) 
Nitric oxide reacts rapidly with dioxygen, as in Reaction 16-5.6: 
2NO+O;—— 2NO, | (16-5.6) 


but the reaction is slow under dilute conditions. Nitric oxide apparently plays a 
respiratory role in controlling blood pressure. 

Nitric oxide is oxidized to nitric acid by strong oxidizing agents; the reaction 
with permanganate is quantitative and provides a method of analysis. Ït is re- 
duced to N;O by SO; and to NH;OH by CrỶ", in acid solution in both cases. 

Nitric oxide is thermodynamically unstable and at high pressures it readily 
decomposes in the range 30-50 °C. 


3 NO —> N;O + NO; (16-5.7) 
The NO molecule is paramagnetic with the electron conñguration 
(G,)”(Ø;)°®(G;)®(m)*(*) 


The electron in the £* orbital is relatively easily lost to give the øirosonium iơn 
(NO”), which forms many salts. Because the electron removed comes out of an 
antibonding orbital, the bond is stronger in NO" than in NO; the bond length 
đecreases by 0.09 Ả and the vibration frequency rises from 1840 cm” in NO to 
2150-2400 cm" (depending on environment) in NO". 

The ion is formed when N;O; or N;O, ¡is dissolved in concentrated sulfuric 
acid. 


N;O; + 3 H;SO, = 9 NO" + 3 HSOz + HạO* (16-5.8) 
N;O/ + 3 H;SO„ = NO* + NO‡ + 3 HSOz + H,O* (16-5.9) 


The compound NO”HSO/, nitrosonium hydrogen sulfate, is an important in- 
termediate in the lead-chamber process for manufacture of sulfuric acid. 

Not only does the NO” ion react with many reducing agents, but it may be 
part of a reversible electrode reaction in nonaqueous solvents (e.g., CH;CN), as 
in Reacuon 16-5.10. 


NO” .==ns (16-5.10) 


Nitric oxide forms many complexes with transition metals (Chapter 28) 
some of which can be considered to arise rom NO", 
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Nitrogen Dioxide (NO,) and Dinitrogen Tetroxide (N;O„) 


The two oxides, NO; and N;OƠ,, exist in a strongly temperature-dependent equi- 
librium 


S\NO;. —> N;O, (165.11) 
Brown Colorless 
paramagnetic diamagnetic 


both ïn solution and in the gas phase. In the solid state, the oxide is wholly N;O,. 
In the liquid phase, partial dissociation occurs; It 1s pale yellow at the freezing 
point (—11.2 °C) and contains 0.01% of NO;, which increases to 0.1% ín the 
deep red-brown liquid at the boiling point, 21.15 °Ơ. Dissociation is complete in 
the vapor above 140 °C. Nitrogen dioxide has an unpaired electron. The other 
“free radical” molecules, NO and C1O; (Section 20-4), have litte tendency to 
dimerize, and the difference may be that in NO; the electron ¡s localized mainly 
on the N atom. The dimer has three isomeric forms of which the most stable and 
normal form has the planar structure O¿N——NO;. The N—N bond is rather long 
(1.75 Ả), as would be expected from its weakness. The dissociation energy of 
NzO¿ is only 57 k] molr`. 

Mixtures of the two oxides are obtained by heating metal nitrates, by oxida- 
tioön of NO, and by reduction of nitric acid and nitrates by metals and other re- 
ducing agents. The gases are highly toxic and attack metals rapidly. They react 
with water as in Reaction 165.12. 


2 NO; + H;O = HNO; + HNO, (165.12) 
The nitrous acid decomposes, particularly when warmed: 
3 HNO; = HNO; + 2 NO + H;O (165.135) 


Thermal decomposition of NO; takes place above 150°C according to Reaction 
105014: 


2 NO; => 2 NO +O; (165.14) 


The oxides are fairly strong oxidizing agents in aqueous solution, compara- 
ble in strength to bromine. 


N;O,(g) + 2 H(aq) + 2 e = 2 HNO;(aq) E° =+1.07 V(16-5.15) 


An equilibrium mixture of the oxides, z/røws ƒws, is used in organic chemistry 
as a selective oxidizing agent, the oxidation proceeding through an iniual hy- 
drogen abstraction to give HONO according to Reaction 165.16. 


RH +NO; = R-+ HONO (16-5.16) 


Liquid N;O/ can be used as a solvent and has been utilized to make anhy- 
drous nitrates and nitrate complexes. Thus Cu dissolves in N;O/, to give 
Cu(NO¿)z'N;O„, which loses N;O¿ on heating to give Cu(NO;);. 
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In solvents such as anhydrous HNO;, N;O¿ dissoclates lonically as im 
Reaction 16-5.17. 


N;O„= NO* +NOs (165.17) 


Dinitrogen Trioxide 


Dinitrogen trioxide, N;O:, formally the anhydride Of nitrous acid, 1s obtained by 
Interaction of stoichiometric amounts o£ NO and O;, or of NO and N;OƠ,. lt is 
an intensely blue liquid or a pale blue solid. The stable form has a weak N—N 
bond. It exists only at low temperature, and readily dissociates to give NO and 
NO; as1n Reaction 16-5.18. 


N;O¿ = NO + NO, : (165.18) 


The N;O; molecule has an O„NÑ—NO structure in the gas phase and at low tem- 
perature, with an extremely long (1.89 À) N—N bond (Structure 16-V) consis- 
tent with its easy dissociation. 


128.6° 


012 -"" g“ˆ 
NG 54 


1.89 
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Dinitrogen Pentoxide 


Thịs oxide (N;O,) forms unstable colorless crÿstals. It is made by Reaction 
16-5.19. 


2 HNO; + P;O, = 2 HPO; + N,O, (165.19) 


Dinitrogen pentoxide is the anhydride of nitric acid. In the solid state it exists as 
the nitronium nitrate, NO‡NO2z. 


The Nitronium lon 


Just as NÓ readily loses its odd electron, so does NO:. The øronuz ion (NO‡) 
15 Involved in the dissociation of HNO:, in solutions of nitrogen oxides in acids, 
and In nitration reactions of aromatic compounds. Indeed, it was studies on ni- 
tration reactons that lead to recognition of the 1mportance of NO; as the at- 
tacking speclies. 
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The nitronium lon 1s formed in ionizing solvents suụch as H;SO,, CH;zNO,, 
or CH;CO,H, by ion1zations such as 


2 HNO; = NO‡ + NO; + H„O (16-6.1) 
HNO; + H,SO, = NO‡ + HSO¿ + H,O (16-6.2) 


The actual nitraton process can then be formulated 


lầM 
„ SỈ lẽ 
NO, 


Nitronium salts can be readily isolated. These salts are thermally stable but 
rapidly hydrolyzed. Typical preparations are 


N;,O, + HGIO„ = NO‡ClOz + HNO; (16-6.4) 
HNO; + 2 SO; = NO‡HS,O; (166.5) 


Nitrous Acid 


Solutions of the weak acid HONO (pK,= 3.3) are made by acidifying cold solu- 
tions of nitrites. The aqueous solution can be obtained free of salts by the reac- 
tion 


Ba(NO,)s + H,SO,——> 2 HNO; + BaSO,(s) (16-7.1) 


The pưre liquid acid is unknown, but it can be obtained in the vapor phase. Even 
aqueous solutions of nitrous acid are unstable and decompose rapidly when 
heated. 


3 HNO; —> HO" + NO; + 9 NO (167.9) 


Nitrites of the alkali metals are prepared by heating the nitrates with a re- 
ducing agent, such as carbon, lead, or iron. They are very soluble in water. 
Nitrites are very toxic but have been used for preservation o£ ham and other 
meat products; there is evidence that they can react with proteins to BIV€ Car- 
cinogenic nitrosamines. 

The main use of nitrites is to generate nitrous acid for the synthesis Of Or- 
ganic diazonium compounds from primary aromatic amines. Organic derivatives 
of the NO; group are of two types: nitrites (R~ONO) and nitro compounds 
(R—NO,). Similar isomerism occurs in metal complexes where the NO; ligand 
can be coordinated to a metal either through the nitrogen atom (¡.e., the nitro 
ligand) or through the oxygen atom (¡.e., the nitrito ligand), as has already been 
điscussed in Chapter 6. 


Niirogen Haolides 


Of the binary halides we have NF;, NE;CIl, NECI:, and NGỊ;. There are also N;F¿, 
N,F¿, and the halogen azides XN; (X =E CI, Br, I). With the excepton of NEạ, 
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the halides are reactive and some of them are explosive, for example, NECI]¿. 
Only the fluorides are important. 

Nitrogen trifluoride ¡s made by the electrolysis of NH¿F in anhydrous HE sol- 
vent, a procedure that also gIves small amounts of N;F;. Electrolysis of molten 
NH/F ¡s the preferred method for synthesis of N;F;¿. Reaction 16-8.1, 


NH; +F; (diluted by N;) —> NE;, N„F„ N;F;,NHE,  (16-8.1) 


conducted in a Cu-packed reactor, gives mixtures of fuorides. The predominant 
product depends on conditions, especially the F;/NH; rato. 

Nitrogen triluoride (bp —129 ”C) is a very stable gas that normally is reac- 
tive only at 250-300 °C, although it reacts readily with AICI; at 70 °C, as in 
Reaction 16-8.3. 


2 NF; +2 AIClạ——> N; + 3 Clạ + 9 AIF; (16-8.2) 


Ít 1s unreactive towards water and most other reagents at room temperature, and 
1t 1s thermally stable in the absence of reducing metals. The NF; molecule is 
pyramidal, but unlike ammonia, has a very low dipole moment. Evidently, it is an 
extremely poor donor molecule, and does not form complexes. 

Interacton o£ NE¿, F;, and a strong Lewis acid, such as BEF;, AsF;, or SbE;, 
gIves salts of the ion NE¿”. Such reactions are performed at low temperature, 
under high pressures, with UV light, as in Reaction 168.3: 


NEs + EF; + BE; ——> NF2BEF¿ (16-8.3) 


Compounds of NE¿ are ionic, and other salts may be prepared similarly, namely, 
those o£ AsFs and SnF§-. The perchlorate may be prepared by low-temperature 
(—78 °C) metathesis in liquid HE, as in Reaction 16-8.4: 


NF2SbFs + CsClO„——> CsSbF,(s) + NF‡ClOz (168.4) 


NE¿ is one of the strongest oxidizers known. 
The oxohalides (or the nitrosyl halides), XNO, where X = E, Cl, or Br, are 
obtained by reaction of the halogens with NO as in Reaction 16-8.5. 


2 NO + X;——> 2 XNO (16-8.5) 


All three of the nitrosyl halides are powerful oxidants, able to attack many met- 


als. All decompose on treatment with water producing HNO;, HNO/,, NO, and 
H%X. 


Descriptive Summory of Reqctions 


The chemistry of nitrogen is well organized by noting the oxidation state of nỉ- 
trogen among reactants and products. As a partial summary, thiïs 1s illustrated for 
the oxides of nitrogen in Figs. 16-2 and 16-3. The corresponding balanced chem- 
ical equations are given in Tables 16-1 and 16-9. The student is c€ncouraged to 
prepare similar diagrams for the hydrides and fluorides. 
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O©Oxidation State 


of Nitrogen 

V N,O, HNO, NOz 

^. I : 
IV NO, == N,O, 

h 
II ễ HNO; 
e,f 
II su 
ö 
... 

0 N 


2 
n 
| 
m 
II NH; 


Figure ló-2  Reacuons that do not involve disproportionation o£ 
the oxides of nitrogen. The oxidation state of nitrogen is indicated 
on the scale at left. 


Oxidation State 


of Nitrogen 
V HNO; NO: NO; 
l b C 
IV NO; d N.,O, 
e l b | lề 
II HNO, NO” 
d 
Tâi NO 
: | 
lị N.,O 


Figure ló-3  Reactions that do involve disproportionation of the oxides of nitrogen. 
The oxidation state of nitrogen is indicated on the scale at left. 
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Table T6-Ï Chemical Equations for the Reactions of Fig. 16-2 


(a)_ 2 NOs+Os——> N,O, + Os 
(b)_ 2 NO; + HạO;——> 9 HNO; 

(c) 2NO;=N,O, 

(d)  N;O¿ + xsCu ——> Cu(NO;)s(s) 

(e)_ 9 HNO,+ 2 HI——> I„ +2 NO +9 HạO 
()_ Fe?'+ HNO, + H'—> FeỶ' + NO + H,O 
(gì) Z4ÑO+Oy—==2NG§ 

(h) 2Cu+NO;——> Cu,O + NO 

0) G+NO;——> CO; +‡N, 

) _NOz+2Hạ——>¿N; + 2 HO 

(k) 2NO;+7 Hạ——> 2 NH; + 4 H,O 

() N;+3H¿—>92NH; 

(m) 4NH; + 3 O„——> 9N; +6 H,O 

(n) 4NH; + 5 O;——> 4 NO +6 H,O 

(o0 Ô. .:DNO 


——————————————— TS 


Table ]ó-2  Chemical Equations for the Reactions of Fig. 16-3 
————-_-_ ẽẽ.--—........Ề ế.... 


(a) 9 NO;+ HạO ——> HNO; + HNO, 

(b) N;O¿——> NO* + NOs 

(c) N;O¿ + 3 H;SO,——› NO* + NO‡ + 3 HSO; + HạO* 
(đ) 3 HNO;——> HNO; + 2 NO + H,O 

(e) 3NO——> N,O +NO, 


—————————————— TC 
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S†udy Questions 
A. Review 


1. 


Give the electronic structure of the nitrogen atom ảnd list the ways by which the octet 
can be completed in forming compounds of nitrogen. Give examples. 


Draw the Lewis diagrams and explain the g8eometry and hybridization at each atom 
in NO;, NO;, NO¿, NO”, NO, N;, Nị, FNO, and NÑ,O. 
Write balanced equations for the synthesis of nitric acid from NH; and O:. 


Write equations for the action of heat on (a) NaNO;, (b) NH,NO¿, 
(c) Cu(NO;);z'»zH,O, (d) N.,O, and (ĐỀN SG): 


-_ How is hydrazine prepared? 


-_ Write balanced equations for three different pr€eparations oỀ nitric oxide. 


How is the nitronium ion prepared? Explain its significance in the nitration of aro- 
matic hydrocarbons. 


In acid soluton we have 
HNO; + H +e' ——> NO + H,O j8” = ]|L)N/ 


Wnite balanced equations for the reactions of nitrous acid with (a) L, (b) Fe®*, (c) 
CO 
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11. 


-- How can NO; and NO; be bonded to transition metal complexes? 
10. 


'Write balanced equations for the hydrolysis of (a) calcium nitride, (b) lithium nỉ- 
tride, (c) dinitrogen pentoxide, and (d) dinitrogen trioxide. 

Draw Lewis diagrams for the radicals NO and NO;. Explain the formation of the 
N—N bond in N;O; and in N.,O,. 


B. Additiondl Exercises 


lệ 


19. 


11. 
12. 


13. 


14. 


Use MO theory to compare the electronic structures of CO, N,, CN", and NO”. 'Why 
does nitrogen form complexes with metals less readily than CO? 


-_ Why does nitrogen form only a điatomic molecule unlike phosphorus and other el- 


cements of Group VB(15)? 


-_Nitrogen trichloride is an extremely dangerous explosive oil, but NF; is a stable gas 


that reacts only above 250 °C. Explain this difference. 


-_ Three isomers of N;O¿ are known. Draw likely structures for them. 
„- Determine the oxidation numbers of the atoms in the molecules and ions found in 


the following: Reactons 16-6.1, 16-5.17, 16-5.14, 16-5.7, 16-5.1, 16-4.13, 16-4.4, and 
16-2.4. Which of these are redox reactions? 


„- With drawings, show how hybrid orbitals overlap in the formation of the Ø-bond 


framework in each of the following molecules and ions: (a) Na, (b) Nzs, (c) NOz, and 
(d) CINO. 


._ With drawings, show the hybrid orbitals that house lone pairs of electrons in the mol- 


ecules and ions o£ Problem 6, in Part B. Be careful to show the geometry correctÌy, 
including the likely posiion of the lone electrons in the molecules and ions, and 
speclfy the type of hybrid that is used in each case. 


„_ With drawings, show the formation of the 7-bond system in the molecules and ions 


of Problem 6, in part B. 


._ Complete and balance the following equations: 


(a) Li+N; (b) Cu+NO; 
(c) C+NO; (d) HạO; + NO; 
(e) Os+ NO; () Hạ+NO, 


(g) HI + HNO; 

Draw the Lewis diagrams for N;F; and N;F,, each of which has a nitrogen-nitrogen 
linkage. Classify cach nitrogen atom according to the AB,E.,scheme of Chapter 3 and 
give the hybridization for each nitrogen. 

Give the AB,E, classficaton (Chapter 3) for each oxide mentioned in Section 16-5. 
Use the style of Figs. 16-2 and 16-3 to diagram the conversion o£ NO; into 

(a) HNO; 

(b) N;O, 

(c) N; 

(d) NH; 

Give diagrams for the stepwise conversion of NO; into 

(a) HNO; and NO 

(b) N; and NH;ạ 

Give the principal products on reaction of each of the following: 

(a) NH; + O; (uncatalyzed) 

(b) Disproportionation o£ NO. 

(c) Oxidation of copper by NO. 

(đ) Oxidatdon of NO; by ozone. 
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15. 
16. 


(e) Reduction of NO; by excess hydrogen. 

()_ Disproportionaton o£ HNO¿. 

(g) The Haber process for anmmonia. 

(h) Hydrolysis of N;O;. 

()_ Hydrolysis of N;O;. 

@) Dissolution o£NzO„ in anhydrous HNO:. 

(k) Dimerization of NO¿. 

()_ Oxidation ofammonia by air over a Pt catalyst at 750 °C. 

Outline the synthesis of HNO;, starting from the elements. 

Which oxide ¡s the anhydride of HNO;? of HNO;? Explain by using equations. 


C. Quesfions from the Lilerdture of Inorganic Chemisiry 


1. 


Hydrolysis of dinitrogen trioxide ¡s described in the paper by G. Y. Markovits, S. E. 
Schwartz, and L. Newman, /%ơrg. Chzm., 1981, 20, 445~450. 


(a)  Draw the Lewis diagrams, discuss the øceometry, and assign an oxidation number 
to cach atom in the substances found in Reactions (1), (2), and (3). 


(b) What evidence do the authors cite for an equilibrium in which N;O; is formed 
from nitrous acid in acidic medium? 

(c) How is Eq. (15) obtained? 

(d) The authors report a value for AG?[N:O;(aq)]. How was this number calcu- 
lated? 


(e) Of Reactions (1), (2), (3), (9), and (13), which represent disproportionation, 
hydrolysis, and/or acid-base type reactions? 


Consider the paper by K. O. Christe, C. J. SẴchack, and R. D. Wilson in Imơng. Chem., 

1977, 7ó, 849-854. 

(a) What is the nature of solid SnF„, and why is it not a good Lewis acid? 

(b) What reaction takes place in liquid HE solvent between KE and SnF,? 

(c) Draw the Lewis diagrams and predict the geometries of NF‡, BE, (SnE¿) 
SnF§, and [SnF¿]#-. 

(d) What reaction takes place in liquid HF solvent between NE4BE¿ and SnF„? 

(e) Why does NF,SnEF, not react with a second cquivalent of NF,BE, to form 
(NE,);SnF,? 

Some reaction chemistry of NE‡ is reported by K..O. Christe, W. W. Wilson, and R. 

D. Wilson in /»ơg. Chen., 1980, 19, 1494-1498. 

(a) Write balanced equations for the reactions in anhydrous HF solvent between 
NE¿ and () ClO¿, đi) BrO¿, and (ii) HE. 

(b) Write balanced equations for the reactions in BrE; solvent between NF‡ and (¡) 
BrEF¿ and (i) BrE,O-. 


x? 
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THE GROUP VB(15) 
ELEMENTS: PHOSPHORUS, 
ARSENIC, ANTIMONY, 
AND BISMUTH 


17-1 


Introduction 


Phosphorus occurs mainly in minerals of the zø2/z family, Cas(PO,)s:CaX:; 
X=E,CI, or OH, which are the main components ofamorphous phosphate rock, 
millions of tons of which are processed annually. The elements As, Sb, and Bi 
occur mainly as sulfide minerals, such as s/¿ck£t (FeAsS) or sửbmie (SbaSa). 

Some properties of the elements are given in Table 8-5, and some general 
features and trends are noted In Chapter 8. 

The valence shells of the atoms (s2) are similar to the electron configu- 
radon o£N, but beyond the similarity in stoichiometries of compounds such as 
NH; and PH¿, there ¡s little resemblance in the chemistry between even P and 
N. Phosphorus is a true nonmetal in its chemistry but As, Sb, and Bi show an in- 
creasing trend to metallic character and cationic behavior. 

The principal factors responsible for the differences between nitrogen and 
phosphorus group chemistry are those responsible for the C to S¡ differences, 
namely, (a) the diminished ability of the second-row element to form Zt-ÿt mul- 
tiple bonds, and (b) the possibility of utilizing the lower lying 3đ orbitals. 

The first explains features such as the fact that nitrogen fÍorms €sters 
O=NOR, whereas phosphorus gives P(OR);. Nitrogen oxides and oxoacids all 
involve multple bonds (Section 16-]), whereas the phosphorus oxides have sin- 
gle P—O bonds, as in P,O¿, and phosphoric acid ¡is PO(OH); ïn contrast to 
NO.(OH). 

The utilization of đorbitals has three effects. First, it allows some Ø-đrw bond- 
ing as in R;PS=O or R;PSCH;. Thus amine oxides, RạNO, have only a single 
canonical structure (R;NÑ?—O”) and are chemically reactive, while PO bonds 
are shorter than expected for the sum of single-bond radii, indicating multiple 
bonding, and are very strong, about 500 kJ mol"!. Second, there is the pOossibil- 
ity of expansion of the valence shell, whereas nitrogen has a covalency maxinum 
of four. Thus we have compounds such as PEF;, P(C¿H;);, P(OCH;)s, and PEs. 

Notice that for many of the five-coordinate species, especially of phospho- 
rus, the energy difference between the trigonal bipyramidal and square pyrami- 
da] configurations is small, and such species are usually stereochemically non- 
rigid (Section 6-6). 
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When higher coordination numbers occur for the elements in the III oxi- 
dation state, as in [SbF;]””, the structures take the form ofa square pyramid. As 
discussed in Chapter 3, AB;E systems such as these accommodate one lone pair 
(Œ), in addition to the five peripheral atoms (B), at the central atom (A). 

Finally, while trivalent nitrogen and the other elements in compounds such 
as N(C;H;);, P(C,H;);, and As(G¿H;); have lone pairs and act as donors, there 
1sa profound diference in their donor ability toward transition metals. This fol- 
lows from the fact that although NR; has no low-lying acceptor orbitals, the oth- 
ers do have such orbitals, namely, the empty đ orbitals. These can accept electron 
density from filled metal đ orbitals to form đr-đ# bonds, as we shall discuss in de- 
tail later (Section 28-15). 


The Elemenis 


Phosbhorus 1s obtained by reduction of phosphate rock with coke and sand in an 
electric furnace. Phosphorus distills and is condensed under water as li, 
Phosphorus allotropes have been discussed (Section 8-4). 


2 Ca;(PO,)z + 6 SiO; + 10 C= P„+ 6 CaSiO; +10 CO — (172.1) 


P¿ is stored under water to protect it from air in which it will inflame. Red and 
black P are stable in air but will burn on heating. P is soluble in CS,„ benzene, 
and similar organic solvents; it is very poisonous. 

The elements As, S, and Ö¿ are obtained as metals (Secton 8-5) by reduc- 
tion of their oxides with carbon or hydrogen. The metals burn on heating ín 
OXxygen to give the oxides. 

All the elements react readily with halogens but are unaffected by nonoxi- 
dizing acids. Nitic acid gives, respectively, phosphoric acid, arsenic acid, anti- 
mony trioxide, and bismuth nitrate, which nicely illustrates the Increasing metal- 
lic character as the group is descended. 

Interaction with various metals and nonmetals øIves phosphides, arsenides, 
and the like, which may be ionic, covalent polymers or metal-like solids. Gallium 
arsenide (GaAs)—one of the so-called III—V compounds of a Group HIB(13) 
and a Group VB(I5) element—has semiconductor properties similar to those of 
Si and Gce. 

There are a number of ligands that consist cxclusively of Group VB(15) 
atoms. The P; ring forms an TỊ” attachment to metals that are also stabilized by 
tripod ligands (Chapter 6), as in LCoP;, where L = a tripod ligand. The P„ mol- 
ecule can serve as an T\' or an TỊỶ ligand, for cxample, in LN¡(n'-P„) and #zns- 
[RhCI(PPh;)- (n7- P„)]. The P; and As; molecules can bind to metaÌs in a Varlety 


o£ side-on and bridging attachments that resemble those of acetylene (Chapter 
29). 


Hydrides (EH;) 


The stability of these EH¿ Øases decreases in the series NH;, PH;, AsH;, SbH¿, 
and BIH;. The last two in the series are very unstable thermally. The average 
bond energies are N—H, 391; P—H, 399; As—H, 247; and Sb—H, 255 k] mol_1, 
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Phosphzne (PH;) is made by the action of acids on zinc phosphide. Pure PH; 
1s not sbontaneously flammable, but it often inflames owing to traces of P„H¿ or 
P¿ vapor. Ït is exceedingly poisonous. Because of its poor ability to enter into hy- 
drogen bonding, it is not associated in the liquid state, in contrast to the behav- 
lor of ammonia. Phosphine is sparingly soluble in water, and it is a very weak 
base. The proton affinities of PH; and NH; differ considerably, as indicated by 
the relative values of AH° for Reactions 17-3.1 and 17-3.2. 


PH;(g) + H*(g) =PH‡(g) AH°=-770 kJ mol" (17-3.1) 
NH;(g) + H*(g) =NH¿(g) AH° =-866 k] mo" (17-3.2) 


Although PH¡: ¡s the weaker base, it does react with gaseous HI to give PHúI as 
unstable colorless crystals. Phosphonium iodide (PHI) is completely hydrolyzed 
by water, as in Reaction 17-3.3. 


PH,I(s) + H„O = HạO* +J + PH;(g) (17-3.3) 


It is the low basicity of PH; that forces the equilibrium in Reaction 17-3.3 to lie 
far to the right. Phosphine is used industrially to make organophosphorus com- 
pounds (Chapter 29). 


Holides (EX;, EX;) and Oxoholides 


The trihalides, except PE;, are obtained by direct halogenation, keeping the el- 
ement in excess. An excess of the halogen gives EX%;. The trihalides are rapidly 
hydrolyzed by water and are rather volatile; the gaseous molecules have pyrami- 
dai structures. The chlorides and bromides, as well as PE; and PI;, have molecu- 
lar lattices. The compounds Asl;, Sbl;, and BiI; have layer structures based on 
hexagonal close packing of iodine atoms with the Group VB(15) atoms in octa- 
hedral holes. Bismuth trifluoride (BIFs) is known in two forms, in both of which 
Bi has the coordination number eight, while SbF; has an Intermediate structure 
in which SbF; molecules are linked through F bridges to give each Sb!” a very 
distorted octahedral environment. 

Phosbhorus trịfluoride 1s a colorless, toxic gas, made by fluorination of PQI;. It 
forms complexes with transition metals similar to those formed by CO (Section 
28-15). Unlike the other trihalides, PFs is hydrolyzed only slowly by H;O, but it 
is attacked rapidly by alkalis. It has no Lewis acid properties. 

Phosbhorus trichloride is a low-boiling liquid that is hydrolyzed by water to give 
phosphorous acid. It reacts with oxygen to give OPCI;. Eigure 17-1 illustrates 
some of the important reactions of PC];. Many of these reactions are typical of 
other EX; compounds and also, with obvious changes in formulas, of OPC]; and 
other oxo halides. 

Arsenic trihalides are similar to those of phosphorus. Antimony trichloride 
(SbCl;) differs in that it đissolves in a limited amount oŸ water to give a cÌear so- 
lution that, on dilution, gives insoluble oxo chlorides such as SbOCl and 
Sb„O;Cl;. No simple SbŸ” ions exist in the solutions. Bismuth trichloride (BiC];), 
a white, crystalline solid, is hydrolyzed by HO to BIOOI, but this reaction 1s re- 
versible. 
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HO excess 


C1;P(O)OP(O)CI; H;PO, 


HCI + H;PO,, H,P;,O, 


đA P(NGCO);, P(NCS); 


(RO),PO ` 
PF, PR;, PR;CI, PRC], 
x.. 
sông RPOCI, + HCI 

F lo l0 2ó [RPCI,]*[AICI,]” 

(in absence NI(POI;), Ammonolysis, | HạO 

of base) P(NH.); 

RPOCI, 


Figure T7-Ï Some important reactions of PCl;. Many of these are typical of other 
EX; and OEX; compounds. 


BICI; + HạO —— BiOCI + 2 HCI (17-4.1) 


Phosbhorus beniafluoride (PE;) is prepared by the interactioh of PCI, with CaF; 
at 300-400 °. It is a very strong Lewis acid and forms complexes with amines, 
ethers, and other bases, as well as with F~, in which phosphorus becomes six co- 
ordinate. However, these organic complexes are less stable than those of BF:s and 
are rapidly decomposed by water and alcohols. Like BF;, PE; is a good catalyst, 
€specially for ionic polymerization. Arsenic pentafluoride (AsE,) is similar. 

Antimony Đentafiuoride (SbF;) is a viscous liquid (bp 150 °C). Its association is 
duc to polymerization through fluorine bridging. The crystal has cyclic 
tetramers. Ïts main use is in “superacids” (Section 7-13). 

The compounds AsF;, SbF;, and PE; are potent fluoride ion acceptors, form- 
¡ng ME§ ions. The PE§ ion is a common and convenient noncornbl2xing anion. 

Phosbhorus(V) chỉoride has a trigonal bipyramidal structure in the Øas, meÌt, - 
and soÌution in nonpolar solvents, but the solid is [PCI.]”[PCl¿]”, and it is ion- 
1zed in polar solvents like CHạNO.. The tetrahedral PClZ ion can be considered 
to arise here by transfer of C]" to the CỊ" acceptor, PCI,. Therefore, it is not sur- 


prising that many salts of the PCIj ion are obtained when PCI;, reacts with other 
CÏ” acceptors, namely, 


PQI, + TÍCL, ——> [PCIT]s[TiạChạ] and [PCI,]*[TiạCL]" (17-4.9) 
PC]; + NbGl; ——> [PCI,]*[NbClạ]~ (17-4.3) 
SOHd #@ÖosÐhorws pemtaromide is also ionic, bụt difers, being PBr?Br.. 


Antimony forms øwfimomy Đentachloride, a fuming liquid which is colorless when 
pure, but usually yellow. While it is a powerful chlorinating agent, it is also use- 
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ful for removing chloride, as in Reaction 17-4.4. 
CuC]; + 2 PhCN + 2 SbC]; ——> Cu(NCPh); + 2 SbGClg — (17-4.4) 


Arsenic does not form a pentabromide, and the pentachloride decomposes 
above —50 °Œ. The cations AsX¿2 (X = F, Cl, Br, and I) are all known. 

PhosbhoryL haldes are X„PO, in which X may be F, CIl, or Br. The most im- 
portant one 1s Cl;PO, which 1s obtainable by the reactions 


2PEÏs+O,— SG (17-4.5) 
D6) +6 P@E== HC PO (17-4.6) 


The reactions of Cl;PO are much like those of PCI; (Fig. 17-1). Hydrolysis by 
water yields phosphoric acid. Cl;PO also has donor properties and many com- 
plexes are known, in which oxygen 1s the ligating atom. 

The oxohalides SbOCI and BiOCI are precipitated when solutions of Sb”" 
and Bï'” in concentrated HCI are diluted. 


Oxides 


The oxides of the Group VB(15) elements clearly exemplifÿy two Important 
trends that are manifest to some extent ¡n all groups of the periodic table: (1) 
the stability of the higher oxidation state decreases with Increasing atomic num- 
ber, and (2) in a given oxidation state the metallic character of the elements, 
and, therefore, the basicity of the oxides, increase with increasing atomic num- 
ber. Thus, PH!' and Asf oxides are acidic, Sb”” oxide is amphoteric, and Bi" 
oxide is strictly basic. 

Phosbhorus benfoxide 1s so termed for historical reasons but its correct molec- 
ular formula ¡s P¿O¡o [Fig. 17-2(2) ]. Ít is made by burning phosphorus in excess 
oxygen. It has at least three solid forms. TWwo are polymeric but one is a white, 
crystalline material that sublimes at 360 ”®C and 1 atm. Sublimation is an excel- 
lent method of purification, since the products ofincipient hydrolysis, whích are 
the commonest impurities, are comparatively nonvolatile. This form and the 
vapor consist of molecules in which the P atoms are at the corners of a tetrahe- 
dron wjth six oxygen atoms along the edges. The remaining four Ô atoms lie 
along extended threefold axes of the tetrahedron. The P—O——P bonds are sin- 
gle but the length of the four apical P—O bonds indicates Ø#t-đr bonding, that 
1s, P—=O). 

The compound P„O¿s is one of the most effective drying agents known at 
temperatures below 100 °C. It reacts with water to form a mixture of phosphoric 
acids whose composition depends on the quantity o£water and other conditions. 
It will even extract the elements of water from many other substances which are 
themselves considered to be good dehydrating agents; for example, it converts 
pure HNO; into N;O; and H;SO/ into SỐ;. lt also dehydrates many organic 
compounds, for example, converting amides into nitriles. 

The ứrioxiđ¿ is also polymorphous: one form contains discrete molecules 
(P„Os). The structure [Fig. 17-2()] is similar to that o£ P¿O¡ạ except that the 
four nonbridging apical oxygen atoms in the latter are missing. P„Os is a color- 
less, volatile compound that is formed in about 50% yield when P¿ is burned in 
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(0) 


Figure T7-2 The structure of (2) PO; and () P,O,. 


a deficit oŸ oxygen. The compounds As,O, and Sb„O, are similar to P.Os both 
structurally and in their acidic nature. The compound BizO; and the hydroxide, 
Bi(OH);, precipitated from bismuth(IIH) solution have no acidic properties. 


Sulfides 


Phosphorus and sulfur combine directly above 100 °C to give several sulfides, the 
most iImportant being P„S;, P„S;, P„S;, and P„S;¿. Each compound 1s obtained by 
heating stoichiometric quantities of red P and sulfur. The compound P„S» is used 
in matches. It is soluble in organic solvents such as carbon disulñde and ben- 
zene. The compound P„S¡¿ has the same structure as PO. The others also have 
structures based on a tetrahedral group of phosphorus atoms with P—§S—P 
bridges or apical PS groups. P„S,o reacts with alcohols: 


P„S¡o + 8 ROH ——> 4(RO),P(S)SH + 2 H,S (17-6.1) 


to give đialkyl and diaryl dithiophosphates that form the basis of many extreme- 
pressure lubricants, of oil additives, and of flotation agents. 

Arsenic forms As4Sx, As¿Sx, As¿S„, and AssS; by đirect interaction. The last two 
can also be precipitated from hydrochloric acid solutions of As and AsY by hy- 
drogen sulfide. As¿S; is insoluble in water and acids but is acidic, đissolving in al- 
kali sulfide solutions to give thio anions. AszS; behaves similarly. As„S„, which oc- 
Curs as the mineral zeøigø, has a structure with an As¿ tetrahedron. 

Anizmonwy forms Sb,Sx either by direct interaction or by precipitation with 
HS from Sb”” solutions; it dissolves in an excess of sulfide to glve anionic thio 
complexes, probably mainly SbSš”. Antimony trisulfide (Sb¿S„), as well as Bi¿S;, 
possess a ribbonlike polymeric structure in which each Sb atom and each S atom 
1s bound to three atoms of the opposite kind, forming interlocking Sb§; and 
SSbz pyramids. 

Bismudh, gives dark brown Bi¿S; on treatment of BÍ solutions with FỊ.9; it 1S 
not acidic. 

Some o£ the corresponding selenides and tellurides of As, Sb, and Bi have 
been studied intensively as semiconductors. (See Section 32-3.) 
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The Oxo Acids 


The nature and properties of the oxoanions of the Group VB(15) elements have 
been discussed in Chapter ð. Here we discuss only the important acids and some 
of their derivatives. 

Phosbhorous acid 1s obtained when PC]; or P,Os¿ are hydrolyzed by water. lt is 
a deliquescent colorless solid (mp 70 °C, pK= 1.26). The acid and its mono- and 
diesters differ from PC]; in that there are ƒøz bonds to P, one being P—H. The 
presence of hydrogen bound to P can be demonstrated by NMR or other spec- 
troscopic techniques. Phosphorous acid is, hence, best written HP(O) (OH)s as 
in Structure 17-I. Hypophosphorous acid, H;PO;, has two P—H bonds 
(Structure 17-II). By contrast the triesters have only three bonds to phosphorus, 
thus being analogous to PCI;. The trialkyl and aryl phosphites, P(OR)s, have ex- 
cellent donor properties toward transition metals and many complexes are 
known. 


H H 

\ | mm. 

¬= P. ` 
Ò H H 8) 


171 17-1 


Phosphorous acid may be oxidized by chlorine or other agents to phos- 
phorIc acid, but the reactions are slow and complex. However, the triesters are 
quite readily oxidized and must be protected from aIr. 


2(RO);P + O; = 2(RO);PO (17-7.1) 


These compounds also undergo the Michaelis-Arbusov reaction with alkyl 
halides, forming đialkyÌ phosphonates: 


| 
P(OR);+ R'X——> [(RO);PR']X —> RO—PER'+RX (17-72) 
Phosphonium | 
intermediate OR 


Trimethylphosphite easily undergoes spontaneous isomerization to the dimethyl 
ester o£ methylphosphonic acid. 


P(OCH;);——> CH;PO(OCH;); (17-7.3) 


Orthobhosbhoric ad, H;PO„, commonly called phosphoric acid, 1s one of the 
oldest known and most important phosphorus compounds. It is made in vast 
quantities, usually as 85% syrupy acid, by the đirect reaction of ground phos- 
phate rock with sulfuric acid and also by the direct burning of phosphorus and 
subsequent hydration of P„O¡o: The pure acid is a colorless crystalline solid (mp 
42.35 °C). It ¡s very stable and has essentially no oxidizing properties below 
350-400 °Œ. At elevated temperatures it is fairly reactive toward metals, which re- 
duce it, and it will attack quartz. Pyrobhosbhoric acid 1s also produced: 


2 H,PO,— H,O + H„P,O; (17-7.4) 


but this conversion ¡s slow at room temperature. 
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The acid is tribasic: at 25 °C, pKi = 2.15, pKs= 7.l,pKs= 13.4. The pure acid 
and its crystalline hydrates have tetrahedral PO¿ groups connected by hydrogen 
bonds. Hydrogen bonding persists in the concentrated solutions and is respon- 
sible for the syrupy nature. For solutions of concentration less than about B0%, 
the phosphate anions are hydrogen bonded to the liquid water rather than to 
other phosphate anions. 

Phosphates and the polymerized phosphate anions (for which the free acids 
are unknown) are discussed in Secton 5-4. Large numbers of øbøsøÌafe ¿siers can 
be made by the reaction 


OPCI; + 3 ROH = OP(OR); + 3 HCI (17-7.5) 


or by oxidation of trialkylphosphites. Phosphate esters, such as tributylphos- 
phate, are used in the extraction of certain +4 metal ions (see Section 26-2) from 
aqucous solutions. 

Phosphate esters are also of fundamental importance in living systems. Ít 1s 
because of this that their hydrolysis has been studied. Triesters are attacked by 
OH” at Pand by H;O at €, depending on pH. 


"V2 OP(OR);('OH) + RO~ (17-7.6) 
OP(OR); 
Ti OP(OR)„(OH) + R°OH (17T) 


Diesters, which are strongly acidic, are completely in the anionic form at normal 
(and physiological) pH values. 


con =—=ROPG 06119001. ... (17-7.8) 
ÓOH 


These diesters are thus relatively resistant to nucleophilic attack by either OH~ 
or HO, which is the reason why enzymic Catalysis 1s indispensible if we wish to 
achieve useful rates of reaction. 

Much remains to be learned concerning the mechanisms of most phosphate 
€ster hydrolyses, especially the many enzymic ones. Two Important possibilities 
are the following: 


1. One-step nucleophilic displacement (S2) with inversion. 
O O 


Ñ ⁄ 
H;O(orOH) + sẽ ...< .+ HOR (17-7.9) 
g.S/ OR kẻ. OR“ 


2. Release ofa shortlived meabhosbhate 8roup (PO;) which rapidly recovers 
the four-connected orthophosphate structure. 


@ 
O O Ì 
—O—P—O—P—O—P—OH—__› 
O - SIM Si 
HO HF 


—OEOEOH + PO; —*”—› H,PO; ¿(177.10) 
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Complexes of the Group VB(15) Elements 


The main aqueous chemistry of Sb”” is in oxalato, tartrato, and similar hydroxy 
acid complexes. 

The [Sb(C,O,„)s]”” ion forms isolable salts and has been shown to have the 
incomplete pentagonal bipyramid structure (Fig. 17-3) with a lone pair at one 
axial position. The tartrate complexes of antimony(THII) have been greatly stud- 
ied, and have been used medicinalÌy as “tartar emetic” for more than 300 years. 
The structure of the anion 1n this salt, K;[Sb;(đ2-C.H,O,);]:3H;O, ¡s shown in 
Fig. 17-4. 

Only for bismuth is there a true cationic chemistry. Aqueous solutions con- 
tain well-defined hydrated cations, but there is no evidence for a simple aqua ion 
[Bi(H;O) „]”". In neutral perchlorate solutions the main species is [Bi¿Os]Ê† or 
is hydrated form, [Biz(OH)¡;]°", while [Bi¿Os(OH);]Ÿ" is formed at a higher 
pH. The [Bi¿(OH);;]Ÿ” species contains an octahedron of Bi” ions with an OH~ 
bridging each edge. 


Phosphorus-Nitrogen Compounds 


Many compounds are known with P—N and P==N bonds. The RạNÑ——P bonds 
are particularly stable and occur widely in combination with bonds to other uni- 
valent groups, such as P—R, P—Ar, and P—halogen. 

Phosbhazenes are cyclic or chain compounds that contain alternating phos- 
phorus and nitrogen atoms with two substituents on each phosphorus atom. The 
three main structural types are the cyclic trimer (Structure I7-HH), cyclic 
tetramer (Structure 17-TV), and the oligomer or high polymer (Structure 17-V). 
The alternating sets of single and double bonds in Structures 17-HI to 17-V are 
written for convenience but, in general, all P—N distances are found to be 
cqual. Ít appears that they are of the order of about I.5, since their lengths 
(1.56—1.61 Ä) are appreciably shorter than expected (1.80 Ä) for P—N single 
bonds. Hexachlorocyclotriphosphazene, (NPCI;)s, is a key intermediate in the 


Figure 17-3 The [Sb(C;O,);]” ion. Two oxalato, C,O7, lig- 
ands are bidentate and one is monodentate. The oxygen donor 
atoms form a pentagonal base to the pyramid that is capped by 
Sb”. 
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Figure 17-4 Geomeury of the anion [Sb;(C,H,O,),]?”. 
Water molecules link the anions into sheets by hydrogen bond- 
¡ng to carboxylate carbon atoms. [Reproduced by permission 
from Tapscott, R. E., Belford, R. L., and Paul, I. ©., Coord. Chem. 
lưu, 1969, 4, 323.] 


Ỷ R 
ba "“ï.. ì 
MB TT 
R R 
NG < 
P P R ra RỊ. 
lhcc n” SD 
R R 
1711 171V .. 17-V 


synthesis of many other phosphazenes and is manufactured by Reaction L7-9.]: 


» PI, to NH,C| —S €6 (NPCI,), +4øHCI (17911) 


Reaction 17-9.1 produces a mixture o£ cyclic (NPGI;)„ compounds with ø= 3, 4, 
5,....., 4s Wwell as some low-molecular weight linear polymers. Control of the re- 
acton conditions can give 90% yields of either the compound with ø = 3 or 4, 
which can be purified by extraction, recrystallization, or sublimation. 

Structures are given in Fig. 17-5 of the cyclic trimer [NPCI;]¿ and the 
tetramer [NPCIPh]„. Most six-membered rings such as [NPX;]; are planar, while 
the larger rings are nonplanar. The fluoroderivatives, [NPF;]„ are planar, or 
nearly so, when ?= 3—6. 

The majority of the reactions of phosphazenes involve replacement of the 


substituents at phosphorus by nucleophiles (e.g., OH, OR, NR;, or R) to give 
substituted derivatives, as in Reactions 17-9.2 to 17-9.4. 
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Figure 17-5 The structures of two representative cyclic phosphazenes (z) [NPCI;]; 
and () all-es-[NPCIPh]„. 


[NPCI;]; + 6 NaOR ——> [NP(OR);]; + 6 NaCl (179.2) 
[NPCI;]; + 6 NaSCN ——> [NP(SCN);]¿ + 6 NaCl (17-9.3) 
[NPF;]; + 6 PhLi — [NPPh,]; + 6 LiF (17-9.4) 


Hexachlorotriphosphazene, [NPCI;];, is especially susceptible to hydrolysis asin 
Reaction 17-9.5. 


[NPCI,]; +6 HạO ——> [NP(OH);]„ + 6 HCI (17-9.5) 


Hexachlorotriphosphazene undergoes a ring-opening polymerization above 
250 °C to give the linear polydichlorophosphazene represented in Structure l7- 
VI. Although the dichloro polymer is hydrolytically unstable, it is readily con- 
verted, by reactions analogous to those of the cyclic trimer, to derivatives such as 
Structures 17-VH and 17-VIII. The properties of such polymers depend largely 
on the nature of the groups attached to phosphorus. Especially stable fibers and 
useful elastomers are obtained when the substituents are the perfluoroalkoxy 
groups, such as CF; (CEF;) „CH;O, or the amides such as —NHCH;:. 


¡ ỊN = 
Eill§ OR |, NR; |, 
17V 17-VI 17-VIH 


17-10 Compounds with Elemeni-Elemen† Double Bonds 


Although N=N double bonds abound, other Group VB(15) E=E bonds were 
unknown until only recently. Now we have stable compounds that contain P=P, 
PAs, and As=As bonds. Similar E==E or E==Eƒ bonds involving antimony or 
bismuth are still unknown. The best calculatons show that the HN==NH 
and HP—=PH r-bond strengths are 256 and 150 kJ mol”, respectively. Thus the 
P=P 1 bond has considerable strength, but is weaker than the Ñ=N 7Ø bond. 

Itis thermodynamics that makes obtaining compounds with E=E bonds dif- 
ficult. Compounds with such bonds are unstable relative to cyclic oligomers of 
the type (RP)„ or (RAs)„. Ít has been found that cycHzatlon can be thwar $ 
employing large R groups, partly because they điminish the rate of oligomeriza- 
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tion, and partly because they reduce the stability of certain cyclic products. 
Some of the E=E bond distances of RE—=E'R' molecules (Structure 17-IX) 
R 
° T4 
'F'=E. 
R/“ 
171X 

are listed in Table 17-1. The molecules are all planar in their X—E==E'=X por- 


tions, and the E=E” distances are approximately 0.20 Ả shorter than the corre- 
sponding E—E” single-bond lengths. 


Table 17-]  Bond Distances in Some 
RE=ER Compounds (Structure 17-IX) 


Distance 
E E R“ R/ E=E (Ả) 
P P Ar* Ar* 2.034 
P P (Me;Si)„C (Me;Si)„C 2.014 
P As Ar* (Me;Si),CH 9.124 
As As Ar* (Me;S¡),CH 9.224 


* Ar* = 2,4,6-(Me;C);G¿H;. 


Two of the principal methods of preparation are shown in Reactions 17-10.1 
and 17-10.2. 


2 RPCI, +2 Mg———> RP=PR +2 MgCI, (17-10.1) 
RECI, +H,ER“—”*—¬› RE=E'R” (17-10.9) 


Summơory of Group Trends for the Elemenis of Group VB(15) 


The list of periodic chemical properties from Section 8-11 can be used now, together 
with properties mentioned in Chapters 16 and l7, to summarize the periodic trends 
in the properties and reactivites of the elements of Group VB(15). Among these 
trends one finds increasing metallic character on descent of the group. 


1. Nirogen 


(a) Forms covalent compounds almost exclusively, the only important ex- 
ceptions being simple nitrides, such as L1ạN. 


(b) Forms oxides that are covalent and serve as acid anhydrides. 


(c) Forms halides (Ñuorides predominantly) that are covalent (e.g., NEs 
and NF,'). 


(d) Forms hydrides that are covalent and nonhydridic. 
(e) Forms esters of the type 


(f) Frequently forms compounds that are electronically unsaturated, in 
which the unsaturation is exclusively of the Øt-Ør type. 


2. Phosphorus 


(a) Forms covalent substances almost exclusively, most of which are elec- 
tronically saturated. 
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(b) Forms electronically saturated covalent oxides that serve as acidic an- 
hydrides. : 


(c) Forms low-valent (PX,) and high-valent (PX;) molecular halides that 
are readily hydrolyzed. 

(d) Forms a gaseous hydride, PH¡. 

(e) EForms electronically saturated esters of the type P(OR)z. 

(Œ) Forms compounds that are electronically saturated, but which contain 
ÿR-đrt (rather than ø#x-#m) double bonding. 

(g) Compounds with P==P and P==As double bonds are becoming ïn- 
creasingly known. 

3. Arsenic, Antimony, and Bismuth 

(a) Increasingly form ionic compounds rather than covalent ones on đe- 
scent of the group. 

(b) Rather than simple ions such as MỶ' or M””', form oxo ions such as 
SbO” and BiO". 

(c) Form oxides that are, on descent of the group, increasingly basic, as 
seen by the following trend: P and As (acidic oxides), Sb (amphoteric 
oxide), and Bi (basic oxide). 

(d) Form halides that are ionic and increasingly aggregated in the solid 
state through halide bridges, giving expanded coordination numbers 
at the metal ion. 

(e) Form increasingly weaker bonds to hydrogen. 

() Increasingly form more stable low-valent compounds than is typical of 
phosphorus, for example, the oxochloride of bismuth, BIOCI. 

(g) Compounds containing As=As and As=P double bonds are known, 
but the antimony and bismuth analogs are not. 


17-12 Descriptive Summơry of Reqctions 


Some of the Important reactions of PCI; were given in Fïig. 17-1. As a study aid, 
other reactions of phosphorus and its compounds are diagrammed in Figs. 17-6 
and 17-7. 
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H;PO, + H,PO, 
H,PO, 
(RO),P(—S)SH 
CI,PO 
ROH PQI; ROH 
(-H;S5) 
P,Oio công 
P,S,(n = 3,5,7,10) —®— P,O¿ (OR); 
xs Ô¿ H,SO¿ 
O HNO; 
: SO, s 
+  __. 
PH .— = ï N,O; 
3 XS C1; “- « (RO);P 
H;O || HI F1, ROH + base 
PCI; RMgBr 
PHúI 
PR¿ 
Figure ]7?-6  Some reactions of P„ and its derivatives 
[PGI,J*TPOI,]- 
tp [PCI,]*[NbCI,]- 
CaF;, 400 °C — 
M... 
[NP(OH),], PQI; 
ưng T¡C, 
là: [PCH‡], . ni 
(—HQ]) vài (—4n HC) 
TH J".ẽ., [PCI] In ] 
=-. LIC]) RMgBr 
LNP(Q¿H;);]„ `". 
(—NaC]) [NPR,] h 
[NP(OR):]; 


Figure ]7-7  Some reactions of PCI 
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STUDY GUIDE 
"=1  .......... -@  ——=— 
Sludy Questions 

A. Review 


1. Why does phosphorus form P„ molecules while mitrogen isN;? 
2. How are white and red phosphorus obtained from phosphate rock? 


3. What are the principal factors responsible for the differences between the chemistry 
OÊ nitrogen and the chemistry of phosphorus? 


4. Explain the differences in (a) basicity and (b) donor ability toward transition metals 
o£ N(CH;); and P(CH;);. 


5. Write balanced equations for the reactions: 

(a) P¿+ HNO; (b) AsG1l; + HạO (c) POCI; + HO 

(d) P,O;o+HNO; (e) P,Os+ HạO () Zn;P + dilute HCI 
6. How ¡s PC]; made? What is its structure in solutions and ¡n the solid state? 
7. Draw the structures of P,O¡ạ and As„Os. 


8. What happens when HS is passed into acidic (HCI) solution of trivalent P, As, Sb, 
and Bi? 


9. What are the structures of (a)phosphorous acid and (b) triethylphosphite? 
10. What ¡s the Michaelis-Arbusov reaction? 
11. Why ¡is pure phosphoric acid syrupy? 
12. What is the structure of “tartar emetic”? 
13. What are phosphazenes and how are they made? 
14. Describe the interaction of water with SbCl; and BiC]:. 
15. How is PE; prepared? Give its main chemical properties. 
16. Compare the structure and properties of nitric and phosphoric acids. 


B. Adơiiionol Exercises 


1. Discuss the Importance of đm-Ør bonding for phosphorus. Give examples, with ex- 
planations for differences between the chemistries o£ NÑ and P. 


2. The compound NE; had no donor properties at all, but PF; forms numerous com- 
plexes with metals, for example, Ni(PE;)¿. Explain. 


3. Both Pand Sb form stable pentachlorides but As does not. Why? 
4. Compare the oxides ofN with those of P. 
5. Show with drawings the formation of the # bonds in R;PO and R;P—=CH:. What is 
the geometry at P in cach case? 
6. Draw the Lewis diagrams and discuss the geometries in PE;, PF;, and PEạ. 
7. Write balanced equations for the following reactons. 
(a) The hydrolysis of PCI:. 
(b) Air oxidation of PC]s. 
(c) The hydrolysis of BiCI;. 
(d) A synthesis of triethylphosphine. 
(e) Oxidation of PCI; by F:. 
()_ Methanolysis of trichlorophosphine oxide. 
(g) Dissolution of PCI; in polar solvents. 
(h) Ammonolysis of PC]. 
() The synthesis of hexachlorotriphosphazene. 
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8. 


S}: 
10. 


11. 


12. 


13. 


14. 


15. 


16. 


1?. 
18. 


19. 


20. 


21. 


Suggest a synthesis of [NP(CH;);]; staring with POI;, NH,ACI, and a Grignard 
reagent. 
How many isomers are possible for the partially substituted cyclic trimer N;P;F;Cl,? 


Discuss the changes in hybridization, oxidation state, and geometry (use the AB,E., 
classification scheme of Chapter 3 and VSEPR theory) that take place on forming 


(a) SbFs from SbF; (b) PCI? from PCI; 

(c), EGIB Irom PGIlu (d) [SbF;]?~ from SbF; 

Use the Lewis theory of acids and bases to discuss the reactions that are found in 
Problem 10, part B. 


Beginning with PCI;, and using two steps or fewer, list as many derivatives as can be 
made using the reactions of this chapter. 


Give the chemical equation that represents each of the following reactions. 

(a) Reduction of phosphate rock by carbon and sand. 

(b) Hydrolysis of OPC];, using an excess Of water, 

(c) Reaction (condensation) o£ OPCI; with phenol. 

(d) Oxidation of phosphorus with an excess of oxygen. 

(e) Air oxidation of P(OG¿H;)¿. 

(f) Reaction of PCI; with C.H;MgBïr. 

(g) Reacuon of PCI; with CH:OH. 

(h) PCI; + AsF; 

Œ) PCI:+H; 

OfP¿, Sb„ and Bi, which is the only element that forms an oxoacid on treatment with 
HNO:? Explain. 

Although compounds such as OPCI; are properly said to be electronically saturated, 
the OP linkage possesses considerable đouble-bond character. Explain. 


Which elements of Group VB(15) form hydrolyzable halides of both the low- and 
high-valent variety? 


Which elements of Group VB(15) form an amphoteric oxide? 
Give the products to be expected on reaction of P„ with 

(a) A deficiency of oxygen. 
(b) An excess of oxygen. 
(c) A deficiency of Cl;. 

(đ) An excess of Cl,. 

( Ss. 

Give the principal P-containing product for each of the following: 

(a) PCI; + NbGI; 

(b) POI; dissolved in CH;NO,(€) 

(c)_ Metathesis of PCI; and CaE; at 400 °C 

(d) Thermal reaction of PCI; and NH„CI 

(e) [NPGI;]; + NaOC,H, 

() [NPOI;]; + CaH;Li 

(g) [NPCI;]; + C¿H;MgBr 

(h) PCI; + CzH;MgBr 

() POI; + TICI¿ 

Explain how the differing reactions of the Mu elements of Group VB(15) with nitric 
acid are consistent with increasing metallic behavior on descent of the ðTOUD. 
Compare the oxides of phosphorus with those of nitrogen and bismuth. 
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The compound P¿S¡o is isostructural with P„O¡¿. It also undergoes the following al- 
coholysis reaction: Ề 


P„S¡s + 8 ROH ——> 4(RO);P(S)SH + 2 H,S 


Draw the Lewis diagram of cach reactant and product, and give the occupancy no- 
taton (AB,E,, as in Chapter 3) for cach distinct P, O, and S atom. 


C. Quesftions from the Litergture of Inorganic Chemistry 


TẾ 


Consider the paper by B. H. Christian, R. j- Gillespie, and J. E. Sawyer, Imơrg. Chưm., 

1981, 29, 3410-3420. 

(a) Salts of the cations As;S¿ and As;Se¿ have been prepared starting with As„S„ or 
AsSe alloys and using (as oxidants) the Lewis acids AsF; or SbF;. Draw Lewis di- 
agrams for the cations and anions that are formed in these reactions. 

(b) What (different) products were obtained upon oxidation of As„F¿ by SbCl,, Cl;, 
or Brạ? Why? 

(c) How does the structure of the starting material As„S„ differ from its oxidized 
product, As;S?? 


. The dianion [Sb¿OCIa]”” is described in a paper by M. Hall and D.B. Sowerby, VỆ 


Chem. Soc., Chơm. Comzmnun., 1979, 1134—1135. : 

(a) How ¡s this dianion uniquely different from other antimony chlorides or anti- 
rmnony oxide chlorides? 

(b) Show with drawings how each Sb'”” center can be viewed as an AB,E system (ac- 
cording to the classificaton o£ Chapter 3) in which the “sixth posidon” of a 
pseudooctahedron is occupied by a lone electron pair. 

(c) Is there evidence among the structural data (either in terms of bond angles or 
bond lengths) for the presence of a lone pair of electrons on each Sb”" center? 
Answer in terms o£ VSEPR theory (Chapter 3). 

The structure of the ion [SbCl;]”” was reported by R. K. Wismer and R. A. Jacobson, 

Tnơng. Chem., 1974, 13, 1678-1680. 

(a) Use VSEPR theory and the AB,E, classification that was presented in Chapter 3 
to discuss the hybridizatons and geometries around antimony in the com- 
pounds SbC];, (NH,)„SbCl;, (pyH)SbCl¿, and [Co(NH;)¿] [SbCI¿]. 

(b) In the crystals of K;SbCl;, the square-pyramidal [SbCl;]”” units were found to be 
packed base to base. The short interion Sb-Sb distance Indicates little s/reochem- 
?cal affect from a localized lone pair of electrons on Sb. Elaborate and explain. 

Consider the work by P. Wisian-Neilson and R. H. Neilson, J. Am. Ch¿m. Soc., 1980, 

1027 2848-2849. 

(a) What problems normailly arise in the syntheses of flhy alkylaied polymeric diỉ- 

alkylphosphazenes, [NPR;]„, staring with [NPCI;]„ polymers and using 

Grignard reagents? 

Compound 2 as reported in this work leads to fully alkylated polymers, [NPR;]„„ 

without the problems mentioned in (a). Why? Show the elimination that must 

take place upon polymerization. 

(c) Draw the Lewis diagrams and discuss the hybridizations and geometries around 
all atoms in Compounds I and 2 of this paper. _ 

(d) Show at each Sĩ, N, and P atom how a ø or đ orbital may become I1nvolved in a 7- 
bond system in each Molecule 1 and 2. 

(e) Elmination reacttons of Compound 1 gave a cyclic tetramer, [NP(CH;);]„. Show 
the necessary elimination reactions and draw the likely structure of the cyclized 


(b 


— 


product. 
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18-1 


Introduction 


Oxygen compounds of all the elements except He, Ne, and possibly Ar are 
known. Molecular oxygen (dioxygen, O;) reacts (at room temperature or on 
heating) with all other elements except the halogens, a few noble metals, and 
the noble gases. 

The chemistry of oxygen involves the completion of the octet (neon config- 
uration) by one of the following means: 


1. Electron gain to form the oxide O””, 

2. Formation of two single covalent bonds, usually in bent AB,E; systems, 
such as water and ethers. 

3. Formation of a double bond, as in ABE; systems, such as ketones or 
CL,Re=O). 

4. Formation of a single bond, as well as electron gain, as in ABE; systems, 
such as OH” and RO”. 

5. Formatlon of three covalent bonds, usually in pyramidal AB;E systems, 
such as H;O” and R:O”. 

6. Formatlon In rare cases of four covalent bonds, as, for example, in 
Be,O(CH;CO,)¿. 


The wide range of physical properties shown by the binary oxides of the el- 
ements ¡is due to the broad range of bond types from essentially Ionic systems to 
essentially covalent ones. Thus we distinguish the highly ionic oxides (such as 
those of the alkali and alkaline earth metals) from the completely covalent, mo- 
lecular oxides, such as CO;. There are, however, Intermediate cases such as the 
oxides ơf boron, aluminum, or silicon. 


lonic Oxides 
The formation of the oxide ion from molecular oxygen requires about 1000 kỊ 
mol”: 
› O„(g) =O() AH=248 kJ moT'" (18-1.1) 
O() +2e =O”~ AH= 752 kj mol" (18-1.2) 
In forming an ionic metal oxide, energy must also be expended to vaporize and 
to Ionize the metal. Thus the stability of 1onic metal oxides is a consequence only 


of the high latice energies that are obtained with the small and highly charged 
oxide lon. 
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'Where the lattice energy Is not sufficient to offset the energies for ionization, 
and so on, oxides with substantial covalent character are formed. Examples of 
oxides with sorme covalent character are BeO, SiO;,, and oxides of boron, such as 
B,O:. 


Covolent or Molecular Oxides 


Covalent or molecular oxides are compounds, such as CO;, SO,, SO;, and NO;, 
in which covalent bonding is dominant. Such compounds are well described by 
the AB,E, classification, as presented in Chapter 3, with some €xc€ptions, as 
noted in the following subsection. se of the ø orbitals in ø bonding with other 
atoms is an important aspect in the bonding of molecular oxides. This may be 
?mx-Øx bonding as in the ketones (R¿C==O), or #t-đrw bonding as in phosphine 
oxides (R;P==O) or linear M=O==M systems. 


ABE; Systems 

1erminal oxygen atoms that bear three lone pairs of electrons are found in 
alkoxides (RO”), and hydroxide (OH”). Such oxygen atoms may be considered 
to be 3#” hybridized. 


AB,E; Systems 

The compounds that fit into this class are usually angular due to the volume 
requirements of two lone pairs of electrons. Examples include water, alcohols, 
and ethers. The oxygen atoms are considered to be s# hybridized, but there are 
wide variations from the tetrahedral bond angles due to electronic repulsions be- 
tween the two lone pairs of electrons: H„O (104.5°) and (CH;)„O (111°). Where 
the atoms bound to oxygen have đ orbitals available, some Øøw-đw character is 
often present in the bond to oxygen, and the B—A—B angles may be even 
larger, for example, the angle Si——O—Sỉ in quartz is 142° and in HạSi—O—SiH, 
1t 1s greater than 150°. 

A linear B—A—B situation at oxygen occurs in some AB,E; systems con- 
taining transition metals (e.g., [Cl;Ru—O—RuCI,]#'). The Ø bonds to Ru are 
formed by s2 hybrids on oxygen, thus leaving two pairs of # electrons on oxygen 
in øorbitals that are oriented perpendicular to the Ru—O—Ru axis. These filled 
ÿ orbitals on oxygen interact with empty đ orbitals'on the Ru atoms, forming a 
-bond system. 


AB;E Systems 

The third example containing s#ø” hybridized oxygen atoms is that of the ox- 
onmium ions :OHš and :ORš. The formation of oxonium ions is analogous to for- 
mation oŸ ammonium ions (NH2). Oxygen is less basic than nitrogen, and the 
Oxonium lons are therefore less stable. Notice that ions of the type OHf” are un- 
likely (even though :OHÿ still has a lone electron parr), because of electrostatic 
repulsion of the :OHš ion towards another proton. As for 'NR:, the pyramidal 
:OR¿ lons undergo rapid inversion. 


ABE; Systems 

Oxygen atoms of thỉs type include those of ketones, aldehydes, and other or- 
ganic carbonyls. The oxygen atoms are s#ø° hybridized and have a roughly trigo- 
nal arrangement around the oxygen of the lone pairs E and the carbonyl carbon. 


18-1 Inioduclion 437 


The s#° hybridization of the carbon atom leaves one ? orbital available for for- 
mation of a £ bond perpendicular to the trigonal plane. 


Acid-Bose Properfiies of Oxides 


Generally, the oxides of the metals are basic, whereas those of the nonmetals are 
acidic. There are also a number of 1mportant amphoteric oxides. 


Basic Oxides 

Although X-ray studies show the existence of discrete oxide ions (O””) [as 
well as peroxide (O§”) and superoxide (Oz) to be discussed later], these ions 
cannot exist in aqueous solution owing to the hydrolysis reactions shown in 
Reactions 18-1.3 through 18-1.5. 


O*+ H,O —› 3 OH- (18-1.3) 
O$-+ H,O — HO; +OH- (18-1.4) 
D9 )/0/09) 9 0ð09a 02. (18-1.5) 


Consequently, only those ionic oxides that are insoluble in water are inert to it. 
lonic oxides function as bøs¿c anhydrid¿s. When insoluble in water, they usually 
đissolve in dilute acids, as in Reaction I18-1.6. 


MgO(@s) + 2 H*(aq) —> Mg?* + HạO (18-1.6) 


However, some ionic oxides (e.g., MgO) become very sÌlow to dissolve in acids 
after high-temperature 1gnition. 


Acidic Oxides 

The covalent oxides of the nonmetals are usually acidic, dissolving in water 
to produce solutons of acids. They are termed 2œ anhyđridøs. An example 1s 
given in Reaction 18-1.7, in which NO; is seen to be the acid anhydride o£ nitric 
acid. 


N;O; + HO —> 9 H* +2 NO; (18-1.7) 


Even when these oxides are insoluble in water (e.g., as in the case of Sb„O;), they 
will generally dissolve in bases (as in Reacton 18-1.8). 


Sb,O, + 2 OH- + 5 HạO ——> 9 Sb(OH)z (18-1.8) 


Acidic oxides will often combine directly, by fusion, with basic oxides to form 
salts, as 1n Reaction 18-1.9. 


Na,O + SiO,— "9? › Na,SiO, (18-1.9) 


Amphoteric Oxides 
These oxides behave acidicly towards strong bases and as bases towards 
strong acids. The example of ZnO is illustrated in Reactions 18-1.10 and 18-1.11. 
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ZnO@) + 2 H'(aq) —> Zn”*(aq) + HạO (18-1.10) 
ZnO +2 OHF + H,O —> Zn(OH)Z” (18-1.11) 


Other Oxides 

There are other oxides, some of which are relatively inert, which dissolve in 
neither acids nor bases (e.g., N;O, CO, PbO;, and MnO,). When MnO; and 
PbO; do react with acids (e.g., conc HCI) they do so by a redox rather than an 
acid—-base reaction, as in Reaction 18-1.19. 


MnO,(s) + 4 HCl ——> Mn”" + 2 CI + CI; + 2 H,O (18-1.12) 


Occurrence, Properiies, and Allo†ropy 


Oxygen has three isotopes, '°O (99.759%), !7O (0.0374%), and !°O (0.2039%). 
Fractional distillation of water allows concentrates containing up to 97 atom % 
"8O or up to 4atom % '7O to be prepared. Oxygen-18 is used as a tracer in study- 
ing reacton mechanisms of oxygen compounds. Although !7O has a nuclear 
spin (Š), its low abundance means that even when enriched samples are used 
Spectrum accumulation and/or the Fourier transform method are required. An 
example of 'O resonance studies is the distinction between H,O in a complex, 
for example, [Co(NH;)„H;O]Ÿ*, and solvent water. 

Oxygen has two allotropes; dioxygen (O;) and trioxygen or ozone (Q;). 
Dioxygen is paramagnetic in all phases and has the rather high dissociation en- 
ergy of 496 kJ mol'". Simple valence bond theory predicts the electronic struc- 
ture :Ö==Ö: which, though accounting for the strong bong, fails to account for 
the paramagnetism. However, simple MO theory (Section 3-5) readily accounts 
for the triplet ground state having a double bond. There are several low-lying sin- 
glet states that are important in photochemical oxidations. Like NO, which has 
one unpaired electron in an antibonding (x*) MO, oxygen molecules associate 
only weakly, and true electron pairing to form a symmetrical O„ species does not 
Occur even in the solid. Both liquid and solid O,; are pale blue. 


Ozone 


The acuon o£a silent electric discharge on O; produces O; in concentrations up 
to 10%. Ozone gas is perceptibly blue and is diamagnetic. Pure ozone obtained 
by fractional liquefaction of O¿—O; mixtures g8Ives a deep blue, explosive liquid. 
The acdon of UV light on O¿; produces traces of Õ; in the upper atmosphere. 
The maximum concentration is at an altitude of about 25 km. It is of vital im- 
pOrtance in protecting the earthˆs surface from excessive exposure to ỦV light. 
Ozone decomposes exothermically, as in Reaction 18-9.1: 


O;=ŸO;  AH=-142 kj mol" (18-2.1) 


but it decomposes only slowly at 250°C in the absence of catalysts and UV light. 

The O; molecule is symmetrical and bent; ⁄O—-O—O, 117°; O—O, 
1.28 Ả. Since the O—O bond distances are 1.49 Â in HOOH (single bond) and 
1.21 AinO; (~ double bond), it is apparent that the O——O bonds in O; must 
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have considerable double-bond character. In terms of a resonance descrIption, 
this can be accounted for as in the resonance forms of Structures 18-I and 18-II. 
"O0 Ô 
lô ở 
181 18 


Chemicol Properfies of O; and O; 


Ozone is a mụch more powerful oxidizing agent than O; and reacts with many 
substances under conditions where O; will not. The reaction 


O; + 2 KI + HO —> I; + 2 KOH + O, (18-2.2) 


1S quantitative and can be used for analysis. Ozone is used for oxidations of or- 
ganic compounds and in water purification. Oxidation mechanisms probably in- 
volve free radical chain processes as well as intermediates with —OOH groups. 
In acid solution, Ôs is exceeded in oxidizing power only by EF;, the perxenate ion 
[H;XeO,¿]?, atomic oxygen, OH radicals, and a few other such species. 

The following potentials indicate the oxidizing strengths of O; and O; in or- 
dinary aqueous solution. 


O„+ 4 H*(10” M) + 4e: =9 H,O E°=+0B15V — (18-2.3) 
O; + 9 H!(10 7” M) +2e =O,+H,O E°=+1.65 V (18-2.4) 


The first step In the reduction of Ô; in aprotic solvents such as DMSO and pyri- 
dine appears to be a one-electron step to give the superoxide anion: 


O;+e =Q; (18-2.5) 
whereas in aqueous solution a two-electron step occurs to give HO; 
O;+2e  +H;O = HO; + OH~ (18-2.6) 


It can also be seen from the potential given for Reaction 18-2.3 that neutral 
water saturated with Ô; is a fairly good oxidizing agent. For example, although 
@f húg Jjust stable toward oxidation by pure water, in OXxygen-saturated water it 1s 
rapidly oxidized. Ferrous ion (Ee?”) is oxidized (slowly in acid, but more rapidly 
in base) to Fe”" in the presence of air, although in oxygen-free water it is quite 
stable, as shown by the potential for Reaction 18-2.7. 


Fel'+e =Fe?* E°=+0.77V (18-2.7) 


Many oxidations by oxygen in acid solution are slow, but the rates of oxidation 
may be vastly increased by catalytic amounts oŸ transiton metal ions, especially 
Cu?', where a Cu—Cu” redox cycle ¡is involved. 

The dioxygen molecule is readily soluble in organic solvents, and merely 
pouring these liquids in air serves tO saturate them with O;. This fact should be 
kept in mind when determining the reactivity of air-sensitive materials in solu- 
tion in organIc solvents. 
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Measurements of electronic spectra of alcohols, ethers, benzene, and even 
saturated hydrocarbons show that there is reaction of the charge-transfer type 
with the oxygen molecule. However, there is no true complex formation, since 
the heats of formation are negligible and the spectral changes are due to contact 
between the molecules at van der Waals distances. The classic example is that of 
N`,Ndimethylaniline, which becomes yellow in air or oxygen but colorless again 
when the oxygen is removed. Such weak charge-transfer complexes make certain 
electronic transitions in molecules more intense; they are also a plausible first 
stage in photooxidations. 

With certain transidion metal complexes, O; adducts may be formed, some- 
times reversibly (Section 18-7). Although the O; entity remains intact, the com- 
plexes may be described as having coordinated Oz or OŸ” ions, bound to the 
metal in a three-membered ring or as a bridging group. Coordinated O; is more 
reactive than free O;, and substances not directly oxidized under mild condi- 
tions can be attacked in the presence of metal complexes. 


The Excited State Chemistry of Oxygen 


As discussed in Chapter 3, the oxygen molecule contains two unpaired electrons 
in Ø” molecular orbitals. This electron configuration gives rise to three electronic 
states, as shown in Table 18-1. The triplet state C37) 1s the ground state, but two 
€©xcited states are also available at higher energies. These excited singlet states 
(especially 'A,) have sufficiently long lifetimes to allow them to be useful for re- 
actons with a variety of substrates, where they cause specific oxidations, a V€TY 
typical example being 1,4 addition to a 1,3-diene, as in Reaction 18-9.8. 


⁄ Ñ + O,(Singlet) —— { › _ (18-2.8) 
ae) 


Singlet oxygen molecules may be generated either by photochemical or 
chemical means. The photochemical route typically employs a sensitizer, which 
first absorbs energy from the light source and then transfers an appropriate 
amount o£ that energy to triplet oxygen to give an oxygen molecule in an excited 
(singlet) state. The sensitizer molecule or ion must be in an excited triplet state 
for this energy transfer to be spin allowed. 

The chemical generation of singlet oxygen may be accomplished as in 
Reactions 18-2.9 and 18-2.10: : 


Table 18-] The Three Electronic States Arising 
from the (7Ø)? Electron Configuration of 


Molecular Oxygen 
—===s——... 1ˆ. 1... 
State TLẺ TỰ Energy 


155 kJ (~13,000 cm"') 
92 kỊ (~8,000 cm”) 


\ 
cu ì † 0 (Ground state) 
— =_-.__- ` "hp han... 


18-3 


18-3. Hydrogen Peroxide 44T 


ERO,ZSNGI, —-GI: + 9.EESESO, (182.9) 
H,O,+ G1" (a0 n9, (18-2.10) 


which are accompanied by a red chemiluminescent glow. 


Hydrogen Peroxide 


Pure hydrogen peroxide (H;O;) is a colorless liquid (bp 152.1 °, fp — 0.41 °C). 
It resembles water in many of its physical properties and is even more highly as- 
sociated via hydrogen bonding and 40% denser than ¡s HO. It has a high di- 
electric constant, but its utility as an ionizing solvent is limited by its strong oxi- 
đizing nature and its ready decomposition in the presence of even traces of many 
heavy-metal Ions according to the reaction: 


In đilute aqueous solution 1t 1s more acidic than water. 
HạO; = H" + HO; Ki 6.410 ˆ (18-3.2) 


The molecule H;O; has a skew, chain structure (EFlg. 18-]). 
There are two methods for large-scale producton of HạO:. Ône 1s by autox- 
idatdon of an anthraquinol, such as 2-ethylanthraquinol. 


OH O 
GxHl; C,H, + H,O, 
O› 
H;„/Pd (18-3.3) 
OH ®) 


The resulting quinone is reduced with H; gas. The H;O; is obtained as a 20% 
aqueous solution. Only O;, H; and H;O are required as raw materials. 

An older and more expensive method ¡is electrolytic oxidation of sulfuric 
acid or ammonium sulfate-sulfuric acid solutions to give peroxodisulfuric acid, 
which is then hydrolyzed to yield H;ạO:;: 


9\IHSOZ==>HOgS§—O—O—SOgH+2e-~ (18-3.4) 
H,S,O; + HO — H,SO, +H,SO, - (Rapid) (18-3.5) 
H,SO, + H¿O ——> H,O,+H,SO, - (Slow) (18-3.6) 


Fractional đistillation can then give 90-98% H;O;. 
The redox chemistry of HzO; in aqueous solution is summar1zed by the po- 


tentials. 


H,O,+2H*+2e=92H,O E°=1.77V (18-3.7) 
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Figure T8-Ï The structure of 
hydrogen peroxide. 


Os+2H*+9e-=H,O,  #°=0.68V (18-3.8) 
HO; + HạO +2 =3OH- E°=0.87V (18-3.9) 


These show that H;O; is a strong oxidizing agent in either acid or basic solution. 
Ít behaves as a reducing agent only toward very strong oxidizing agents such as 
MnO;. 

Dilute or 30% HO; solutions are widely used as oxidants. In acid solution, 
oxidations with H;O; are slow, whereas in basic solution, they are usually fast. 
Decomposition to HO and O,, which may be considered a selEoxidation, or 
disproportionation, occurs most rapidly in basic solution; hence an excess of 
H;O; may best be destroyed by heating in basic solution. 

Many reactions involving H,O; (and also O,) in solutions involve free radi- 
cals. Metal-ion catalyzed decomposition of HO; and other reactions form radi- 
cals of which HO; and OH are most important. The hydroperoxo radical (HO.,) 
has been detected in aqueous solutions where HO; interacts with Tỉ”, Fe?*, or 
CeT" ions. 


Peroxides and Superoxides. 


These substances are derived formally from Oÿ” (peroxides) and O; (superox- 
1đes). 


lonic Peroxides 


lonic peroxides are formed by alkali metals, Ca, Sr, and Ba. Sodium peroxide is 
made commercially by air oxidation of sodium. Sodium peroxide is a yellow pow- 
đer that is very hygroscopic, though thermally stable to 500 °C. It COontains, ac- 
cording to electron spin resonance (ESR) studies, about 10% of the superoxide. 

The ionic peroxides give HO; on reaction with HO or dilute acids. All of 
the ionic peroxides are powerful oxidizing agents, converting organic materials 
to carbonate even at moderate temperatures. Sodium peroxide will also vigor- 
OusÌy oxidize some metals (e.g., Fe, which violently gives FeO7”). The peroxides 
Of the alkali metals also react with CO, according to Reaction 18-4.1 to ĐIV€ CaT- 
bonates: 


2 CO,(g) + 2 M;O;—— 9 M;CO, + O, (18-4.1) 


Other electropositive metals such as Mg and the lanthanides also yield per- 
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oxides; these are intermediate in character between the ionic ones and the es- 
sentially covalent peroxides of metals such as Zn, Cd, and Hg. 

Many lonic peroxides form welL-crystallized hydrates sụch as Na;O,:8H;O 
and M”O,*8H;O. These contain discrete Oÿ” ions to which water molecules are 
hydrogen bonded, giving chaïns of the type shown in Structure 18-II. 


-~x-Oÿ" =-~(HyO)- - --OŸ" -- - (HyO)j - -- 
18. 


The formation of such stable hydrates accounts for the extreme hygroscopic na- 
ture of the crystalline peroxides. 


lonic Superoxides 


lonic superoxides, MO;, are formed by the interaction of O; with K, Rb, or Cs as 
yellow-to-orange crystalline solids. NaO; can be obtained by reacton of NazO; 
with O; at 300 atm and 500 °C. LiO; cannot be isolated. Alkaline earth, Zn, and 
Cd superoxides occur only in small concentrations as solid solutions in the per- 
oxides. The O; ion has one unpaired electron. Superoxides are very powerful 
Oxidizing agents. They react vigorously with water. 


2 Oz + H,O = O¿ + HO; + OH- (18-4.2) 
2HO;=2OH+O,  (Slow) (18-4.3) 


The reaction with CO;, which involves peroxocarbonate intermediates, is 
used for removal of CO; and regeneration of O; in closed systems (e.g., sub- 
marines). The overall reaction is 


4 MO,(s) + 2 CO;(g) = 9 M;CO;(s) + 3 O;(g) (18-4.4) 


Other Peroxo Compounds 


There are many ørgzwic Đerox¿dzs and hydroberoxidss. Peroxo carboxylic acids, for 
example peracetic acid, CH;C(O)OOH, can be obtained by the acton of HO; 
on acid anhydrides. The peroxo acids are usefu] oxidants and sources of free rad- 
icals, for example by treatment with Fe”*(aq). Benzoyl peroxide and cumyl hy- 
droperoxide are moderately stable and widely used where free radical iniiadon 
1s required, as in polymerization reactions. 

Organic peroxo compounds are also obtained by zøwioxidaiơn oŸ cthers, 
alkenes, and the like, on exposure to air. Autoxidation 1s a free radical chain re- 
action initiated by radicals generated by interaction of oxygen and traces of met- 
als sụch as Cu, Co, or Fe. The attack on specific reactive C—H bonds by a radi- 
cal (X), fñrst gives R” and then hydroperoxides that can react further. 


II CỔ RIHYX (18-5.1) 
110 —:. (18-5.2) 
RO¿+ RH ——> ROOH + R' (18-5.3) 
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Explosions can occur on đistillation of oxidized solvents. These solvents should 
be washed with acidified FeSO, solution or, for ethers and hydrocarbons, passed 
through a column of activated alumina. Peroxides are absent when the Fe°* + 
SƠN” reagent does not give a red color indicative of the Fe(SCN)”" ion. 

There are also many inorganic peroxo compounds where —O— is 
replaced by —O—O— groups, such as peroxodisulfuric acid, 
(HO);S5(O)OOS(O)(OH);, mentioned previously. Potassium and ammonium 
p€roxodisulfates (Section 19-5) are commonly used as strong oxidizing agents in 
acid solution, for example to convert C into CO,, Mn””* into MnO;z, or CeŸ* into 
Ce”*. The last two reactions are slow and normally incomplete in the absence of 
sIlver ion as a catalyst. 

Ít 1s Important to make the distinction between true peroxo compounds, 
which contain —O——O— groups, and compounds that contain H;O; of crys- 
tallization, such as 2NÑazCO;-3H;O; or Na„P;O„-zH,O;. 


The Dioxygenyl Cation 


The interacton of PtFs with O; gives an orange solid (O;PtF¿) isomorphous with 
KPtfs, which contains the paramagnetic Oš ion. This reaction was of importance 
in that it lead Ñ. Bartlett to treat PtF¿ with xenon (Section 21-2). A number of 
other salts of the Oÿ ion are known. 

Ít is instructive to compare the various Oÿ” species, since they provide an in- 
teresting illustration o£ the effect of varying the number of antibonding elec- 
trons on the length and stretching frequency of a bond, as shown by the data in 
Table 18-2. 


Dioxygen œs qa Ligand 


Although the most common mode of reaction of molecular Oxygen with transi- 
tion metal complexes is oxidation (1.e., extraction of electrons from the metal or 
from its ligands), under appropriate circumstances the dioxygen molecule may, 
instead, become a ligand. Such reactions are termed oxygenations, because the 
dioxygen ligand retains its identity, whereas oxidation reactions are those in 
which the O; molecule loses its identity through reduction. 

Oxygenation reactions are often reversible. That 1S, IDOn increasing tem- 
perature and/or reducing the partial pressure of Ò;, the dioxygen ligand is lost 
by dissociation or by transfer to another acceptor (which may become oxidized). 
The process of reversible oxygenation plays an essential role in life processes. In 
humans or other higher animals, oxygen molecules are “carried” from the lungs 


Table 18-2  Bond Values for Oxygen Specics 
——————_—_—____—_—_ ốc r5 
O—O distance Number of 


Sp€cies A 7* Electrons W⁄ (c1 } 
—————  À S09” 7 
(05: IlẾ:2 ] 1860 
O. I2 2 1556 
(05) 1 51) 9) 1145 
(O0. 1.49 4 ~770 
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to the varlous tissues by hemoglobin and myoglobin molecules, in which 1:1 
O;-Fe complexes are formed. In lower animals, there are molecules such as 
hemerythrins and hemocyanins, that serve similar functions. More detail con- 
cerning these biological complexes will be given In Chapter 3]. 

Broadly speaking, there are two types of 1:1 ©;—M complexes, the “end-on” 
and the “slide-on” types, as shown ¡in Fig. 18-2, types (a) and (b). In addiuon, 
there are many 1:2 O¿—M complexes, as shown in Fig. 18-2, types (c) and (d). 
The hemoglobin and myoglobin complexes are of type (a), and there are a num- 
ber of synthetic examples In which O; fills one position in an octahedral com- 
plex. Most of these can be considered to contain a coordinated superoxide ion 
O;, and thus have an unpaired electron formally present on the coordinated 
dioxygen unit. Many of these complexes form reversibly. 

The “side-on” complexes, type (b) in Fig. 18-2, are also numerous. Many are 
formed reversibly, as with Vaska's compound in Reaction 18-7.1. 


O 
(C;H,)ạP,  _CI (C;H,);P, | „22 
Ta +O, => lấ (18-7.1) 
wvÃ áx “Si 
oCT- P(GH;); oC | P(GH,); 
CI 


These compounds are generally best regarded as peroxide complexes, that 1s, 
compounds containing the Oÿ- ligand. The complexes in Fig. 18-2, types (c) and 
(đ), are also best regarded as peroxide complexes. 


Oxygen Compounds oøs Ligands 
Wolter: Aqud Ligands 


Hydration of transiton metals has already been discussed in Chapter 6, as have 
the rates and thermodynamics of water ligand exchange in soluton. Ïn some 


_cases, sụch as the alkalÙi metal cations, the water ligands are weakly bound (and 
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rapidly substituted), whereas in cases such as [Cr(H;O)¿]* and [Rh(H;O)g¿]?', 
they are firmly bound and exchange with solvent water molecules only slowly 
(Chapter 6). 

Ligand water molecules can be acidic, especially when bound to cations of 
high charge, giving hydroxo complexes, as in Reactions 18-8.1 and 18-8.2. 


[Pt(NH;)„(H;O);]“*——> [Pt(NH;)„(H;O) (OH)]?? + H* (18-8.1) 
[Co(NH,);(H,O)]Š*——> [Co(NH;),(OH) ]#* + H* (18-8.2) 


Hydroxide: Hydroxo Ligands 


Many important hydroxo complexes are known, the hydroxo ligand serving in 
Some cases as a simple terminal ligand, and in other cases as a bridging ligand, 
examples of which are shown in Fig. 18-3. Double (H;) bridges are most com- 
mon. Eor complexes containing only terminal hydroxo ligands, there has been 
particular interest in the structural changes that are apparent when comparing 
the octahedral aqua ions (e.g., [M(H;O)¿]Ÿ*, where M = Co! or AI”) with the 
corresponding hydroxo complexes [M(OH)„]T, which are tetrahedral. 


Oxide: Oxo Ligands 


Oxo compounds can be oÊ several structural types, as shown in Eig. 18-4. The 
multiply bonded oxo group (M==O) is found not only in oxo compounds and 
OxO anions of the nontransition elements (e.g., SO?”, Chapter 5ð, and Cl;P—O, 
Chapter 17), but also in transition metal compounds, such as vanadyl (V—=O), 
uranyl (U=O), permanganate (MnO¿), and osmium tetroxide (OsO/). In cases 
involving metals, the bond distance to oxygen (1.59-1.66 Ả) corresponds to a 
double bond, which is best formulated as arising from OØw —> Mđr donation. 
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Figure 18-4 The common structural types of oxo ligands. 


Thus the metal oxo complexes are most stable when the metal is in a high oxi- 
đation state. In contrast, for the oxides of the nonmetals (e.g., CO and SO;,), low 
oxidation states of the nonmetal are preferred. 

The M=O bond ¡is commonly affected by the nature of the group /rzws to 
oxygen. Donors that increase electron density on the metal tend to reduce the 
metal's acceptor ability, thus lowering the M==O 7œbond character. Conse- 
quently, the MO stretching frequency in such complexes is found to be lower 
than when the oxo ligand is trans to a weak donor ligand. 


Oxygen Fluorides 


Most oxygen compounds are properly called oxides and, therefore, are discussed 
under the chemistry of the other elements. However, since fluorine 1s more elec- 
tronegative than oxygen, it 1s logical to treat oxygen fluorides in this chapter. 
While these compounds are sometimes called fluorine oxides, It 1s best to call 
them oxygen fluorides. These compounds have been intensively studied as 
rocket fuel oxIdizers. 
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Oxygen Difluoride (OF;) 


This compound can be prepared by passing fluorine rapidly through a 2% 
NaOH solution, by electrolysis of aqueous HE—KF solutions, or by reacton o£ 
Ñuorine with moist KE. It is a pale yellow, poisonous gas (bp 145 °C), which is rel- 
atively unreactive as far as this cÏlass of compounds is concerned. It can be mixed 
without reaction with H;, CH¿, or CO, although an electrical spark in such mix- 
tures will cause a violent explosion. When mixed with C1;, Br;, or lạ, OF; will ex- 
plode at room temperature. It reacts only slowly with water, as in Reaction 
18-9.1,but explodes with steam. Oxygen difluoride will liberate other halogens 
from theïr acids or salts, as In Reaction 18-9.9., 


OP TH 7O nh (18-9.1) 
OE; + 4 HX(aq) —> 9 ÄX; + 2 HF + HạO (18-9.2) 


Oxygen difluoride will oxidize most metals and nonmetals, and even reacts with 
Xe 1n an electric discharge to give xenon fluorides and xenon oxide fluoride 
(Chapter 21). 


Dioxygen Difluoride: (O;F;) 


This compound is a yellow-orange solid (mp 109.7 K) that is made by high-volt- 
age electric discharge on mixtures of O; and F; at low temperature and pressure. 
Ít decomposes into the elements in the gas at ~ð0 °C, and is a potent fluorinat- 
¡ng and oxidzing agent. Many substances explode on exposure to O,F›, even at 
low pressures. 

The structure of O,zF; is bent, one fluorine atom being about 87° out of the 
plane of the other three atoms (Structure 18-TV). The O——O bond is quite short 
(|. 217 Ả) compared to the value for H,O, (1.48 Ả). 
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Study Questions 
A. Review 


1. Give the electron confguration of the oxygen atom. 
2. Give two examples of oxonium ions. What is their structure? 
3. Describe the carbon-oxygen bond in acetone. 
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10. 


Describe the interaction with water of acidic, basic, and neutral oxides. Give two ex- 
amples of cach case. Ï 


Explain why the oxygen molecule is paramagnetic. 


'Write out the electron configurations of the two excited state singlets found in Table 
18-1. 


Describe the preparation in the laboratory o£ ozone. 
How ¡s HO; made? 
'Write balanced equations for the following reactions: (a) HO; and KMnO„ in acidic 


soluton; (b) Fe(OH); and O; in basic solution; (c) sodium peroxide and CO;; and 
(đ) potassium superoxide and water. 


'What is the difference between oxygenation and oxidation? 


B. Additiondl Exercises 


IỆ 


Prepare MO energy-level diagrams for all of the ions Oÿ" that are chemically impor- 
tant, and determine the bond order and the expected magnetic moment (M„¿ in 
Bohr magnetons, as discussed in Chapter 2). 

Classify the oxygen atoms ¡in the following systems according to the AB,E, scheme of 


Chapter 3, and, where appropriate, discuss the geometry about oxygen in terms of 
the VSEPR theory: 


(a) O; and O; (b) Oz and O§“ 

(c) CH;OH and HO (đ) CO; and SO; 

(e) H;O; and OH” ()  (GH;);O and CH;ạCO,H 
(g) CH;ạC(O)OOH (h) peroxodisulfuric acid 
Draw the orbitals as they interact to form the 7-bond systems in 
(a) ketones (b) carbonate ion 

(c) [CljRu—O—RuGl;]“ (d) ozone 

(e) triphenylphosphine oxide (f) HgạS—O—SiH;s 

(g) OSCI; 


Calculate the standard redox potential for the air oxidation of Fe?” in aqueous solu- 
tion. 


C. Quesfions from the Literoture of Inorganic Chemistry 


1. 


rÃ 


Compare the structures and properties of two very different “reversible oxygen com- 

plexes” as reported by S§. J. La Placa and J. A. Ibers, j. Am. Ch¿m. Soc., 1965, ổ7, 

2581-2586, and as reported by A. L. Crumbliss and E. Basolo, J. Az. Chem. Soc., 1970, 

92, 55—60. See also L. Vaska, Sew„œ, 1963, 70, 809. 

(a) Should the oxygen ligands in these complexes be considered to be O,, Ö;, or 
Oÿ" ligands? 

(b) Explain how magnetic data support or conflict with your answer to (3). 

(c) _ What should be the approximate O—-O distances in the cobalt-O; compounds 
of Crumbliss? 

Consider the work by M. M. Morrison, J. L. Roberts, Jr., and D. T. Sawyer, Imơng. Chzm., 

1979, 76, 1971-1973. 

(a) _What reaction takes place between OH” and HạO; in pyridine solution? 

(b)_ What is formed upon electrochemical reduction of HạO; in pyridine solution? 

(c) After electrochemical reduction of HạO; in pyridine solutuion, what reaction 
takes place between HO; and H;O;? 

(d) How are the reactions for (c) and (a) related? 
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(e) What role does solvent play in these reactons? What is different about these 
redox reactions in water and in pyridine? 
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Chapter I9 


THE GROUP VIB(16) 
ELEMENTS: SULFUR, 
SELENIUM, TELLURIUM, 
AND POLONIUM 


19-1 


Introduction 


The positon of these elements in the periodic table has been discussed in 
Chapter 8, and some properties are listed in Table 8-6. The elements of Group 
VIB(16) bear little resemblance to oxygen for the following reasons: 


1. Sulfur, selenium, tellurium, and polonium have lower electronegativities 
than oxygen; consequently, their compounds have less ionic character. The rela- 
tive stabilities of their bonds to other elements are also different. In particular, 
the importance of hydrogen bonding ¡s drastically lowered. Only very weak 
S---H—S bonds exist, and H;S is totally different from HO (Chapter 7). 

2. For sulfur particularly, as in other third-row elements, there is multiple 
dn-#mẽ bonding, but litle if any Øøt-Øm bonding. The short S—O distances in 
SO?” (where sand ø orbitals are used in Ø bonding) is a result of multiple đ~#m 
bond character. The latter arises from the flow of electrons from filled tr orbitals 
on O atoms to empty đ# orbitals on S atoms. 

3. The valence for S, Se, Te, and Po atoms is not confined to 2, and đ or- 
bitals can be utilized to form more than four bonds to other elements. Examples 
are SF¿ and Te(OH)s. 

4. Sulfur has a strong tendency to catenation, equaled or exceeded only by 
carbon. Sulfur forms compounds for which there are no known ©, Se, or le 
analogs. Examples are polysulfide ions, S2”, polythionate ions, [OsS—S„—SO;]””, 
and compounds of the type XS„X, where X = H, Cl, CN, or NR:. 


The changes in the properties o compounds on goïing from S5 to Po can be 
associated with the increasing size of the atoms and with the decreasing elec- 
tronegativity, from top to bottom in the group. Some exarmples of trends in prop- 
erties of compounds that arise for these reasons are 


1. The decreasing stability of the hydrides H;E. 

2. The increasing tendency to form complex ions such as SeBrš.. 

3. The appearance of metallic properties for Te and Po atoms. Thus the ox- 
ides MO; are ionic and basic, reacting with HCI to give the chlorides. 
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Occurrence and Redcitions of the Elemenis 


Swifuz occurs widely in nature as the element, as H;S and SO;, in metal sulfide 
Ores, and as sulfates [e.g., gypsum and anhydrite (CaSO,), magnesium sulfate, 
and so on]. Sulfur is obtained on a vast scale from natural hydrocarbon gases 
such as those in Alberta, Canada, which contain up to 30% HS; this is removed 
by Interaction with SO;, which 1s obtained from burning sulfur in air. 


9 H;S + SO; = 3 S + 2 HạO (1922) 


Selznturn ơnd tellurrum are less abundant but frequently occur as selenide and 
tclluride minerals in sulñde ores, particularly those of Ag and Au. They are re- 
covered from flue dusts from combustion chambers for sulñde ores. 

Polonzum occurs in U and Th minerals as a product of radioactive decay se- 
ries. The most accessible isotope, ?!°Po (ơ, 138.4 days), can be made in gram 
quantities by irradiation of Bi in nuclear reactOrs. 


e0 iiệnh, 7)» Bì j7 ` #10DQo, (19-2.3) 


The Po can be separated by sublimation on heating. It is intensely radioactive 
and speclal handling techniques are required. The chemistry resembles that of 
1e but is somewhat more “metallic.” 

The physical properties and structures of the elements have been described 
(Chapter 8). On melting, Š; first gives a yellow, transparent, mobile liquid that 
becomes dark and increasingly viscous above about 160 °C. The maximum vis- 
cosity occurs about 200 °C, but on further heating the mobility increases until 
the boiling point (444.6 °C), where the liquid is dark red. The “melting point” 
O£ S5; is actually a decomposition point. Just after melting, rings with an average 
O£ 13.8 sulfur atoms are formed and at higher temperature, still larger rings 
form. Then im the high viscosity region there are giant macromolecules that are 
probably chains with radical ends. At higher temperatures, highly colored Sz and 
5„ molecules are present to the extent of 13% at the boiling point. The nature 
of the physical changes and of the species involved are by no means fully under- 
stood. 

SJfur uabơr contains S„ and at higher temperaÌures S„ molecules. The latter, 
like O., are paramagnetic with two unpaired electrons, and account for the blue 
color of the hot vapor. 

Cyclosulfurs other than S;, with ring sizes from S¿ to Szo, can be prepared by 
spectfic synthetic routes. These compounds are all unstable in solution relative 
to 5s, but solutions of S„ do contain, at equilibrium, about 0.3% S¿ and 0.8% S„, 
both of which are much more reactive than Sg. 

The elements S, Se, and Te burn in air on heating to form the dioxides; they 
also react on heating with halogens, most metals, and nonmetals. They are at- 
tacked by hot oxidizing acids like H;SO„ or HNO¿. 

In oleums (Section 7-11), S, Se, and Te dissolve to gIve highly colored solu- 
tions that contain cations in which the element is in a fractional oxidation sfate. 
Salts of the cations Mƒ", Mƒ*, and Mƒ? have been obtained by selective oxidation 
Of the elements with SbF; or AsF; in hquid HE. For example, 


S; + 3 SbF; = Sậ* + 2 SbFz + SbFs (19-9.4) 
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or by reactions in molten AIC]:, for example, 
7 Te + TeCl, + 4 AICla = 2 Teƒ* + 4 AICI2 (19-2.5) 
The S“", Se2", and Tef* ions are square (Structure 19-I) and there is probably a 


six 7-electron quasiaromatic system. The green Sej* ion has a ring structure 
(Structure 19-II). The S?* and Se?¿ ions have two Mẹ rings joined together. 


The reaction of sulfur with the double bonds of natural and synthetic rub- 
bers (a process called vulcanization) is of great technical importance. It leads to 
formation of S bridges between carbon chains and, hence, to strengthening of 
rubber. 

All reactions of S¿ must involve initial ring opening to give sulfur chains or 
chain compounds. Many involve nucleophilic reactants, for exarmple, 


S;+8 CN ——> 8 SCN- (19-2.6) 


Sg + 8 Na;SOs =—=—- 8 NasS,Os (19-2.7) 
S„ + t(@do)vP —c 5G. T1)ES (19-2.8) 


Such reactions proceed by a series of steps such as 


Sx + CN- ——> SSSSSSSSCN” (19-2.9) 
S—S§—§CN- + CN —— S;§CN +SCN- andsoon (192.10) 


Sulfur-sulfur bonds occur in a variety of compounds, and —§——S— bridges are 
especially important in certain enzymes and other proteins. 


Hydrides: EH; 


These compounds are obtained by the acton of acids on metal sulfides, se- 
lenides, or tellurides. The hydrides are extremely poisonous gases with revolting 
odors. The toxicity of H;S far exceeds that of HCN. The thermail stabiliy and 
bond strengths decrease down the series, whereas the acidity in water Increases. 

Hbdrogen sulƒide dissolves in water to glve a solution about 0.1 Mat 1 atm. Ïts 
dissociation consfants are 
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Hồ. D908 :5H K=lIx107 (19-3.1) 
SH +H;O = HạO" + §”” “=1 (18-3.2) 
Owing to this small second dissociation constant, essentially only SH lons are 


present in solutions of ionic sulfñdes, and S”” occurs only in very alkaline solu- 
tions (8 M NaOH) as shown in Equation 19-3.3. 


S>”+H;O =SH + OH- K=~l (19-3.3) 


The compounds H;S; to H;S¿ are generally known as sulfanes; they contain 
—SS— to —SSSSSS— chains. These compounds can be obtained by reactions 
such as 


: 2 H;S() + S„Cl, = 2 HCI(g) + H;S,„.„(€) (19-3.4) 


The anions of the sulfanes (polysulfides, S2”) are also easily obtained as salts. 
Examples are NasS;, K;S¿, and BaS„. In addition, the S‡” and SỆ” ions can serve 
as chelating ligands, in complexes such as [Pt(S;)z]?”, whose structure is shown 
in Eig. 19-1. The latter is chiral and may be resolved into enantomorphs. 


Halides and Oxoholides of Sulfur 
Sulfur Fluorides 


Direct fuorination of S; yields mainly SF¿ and traeeề of Sa2Fo and SF¿. The /era- 
Jfuoride, SF, (bp —30 °C), 1s evolved as a gas when SG]; ïs refluxed with NaF in ace- 
tonitrile at 78-80 °C. 


3 SCI; + 4 NaF = SF, + S,Clạ + 4 NaCl (19-4.1) 


SE¿ is extremely reactive, and instantly hydrolyzed by water to SO› and HE. It is 


a very selective fuorinating agent converting C=O and P—=O 8Toups smoothly 
into CE; and PE;, and CO;H and P(O)OH 8Toups into CEs and PF; groups. 
Swlfur hexafÏuoride 1s very resistant to chemical attack. Because ofits 1nertness, 
high dielectric strength, and molecular Weight, it is used as a gaseous insulator 
in high-voltage generators and other electrical equipment. The low reactivity is 
presumably due to a combination of factors including high S—FE bond strength, 
Coordinative saturation, and steric hindrance at sulfur. The inertness of SE§ 1s 
due to kinetic factors and not to thermodynamic stability, since its reaction with 
HO to give SO; and HF would be decidedly favorable (AG = —460 k] mol"). 
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Sulfur Chlorides 


The chlorination of molten sulfur gives S„Cl;, which is an orange liquid of re- 
volting smell. By using an excess of Cl;, with traces of FeC]; or Ï; as catalyst, at 
room temperature, an equilibrium mixture of SCI; (~ 85%) and §;Ol; 1s ob- 
tained. The dichloride (SCI;) readily loses chlorine within a few hours, as in the 
equilibrium of Reaction 19-4.2, 


2 SC1, = S;Cl; + Cl; (19-4.2) 


but it can be obtained pure as a dark red liquid by fractonal distillation In the 
presence of PCI;, which stabilizes SC];. 

Sulfur chlorides are solvents for sulfur, giving dichlorosulfanes up to about 
S¡ooClạ. These compounds are used in the vulcanization of rubber and are also 
useful as mild chlorinating agents. 

Thionyl chloride (SOCI;) is obtained by Reaction 19-4.3. 


SGif PC] = —› SOCIssyEOGI, (19-4.3) 


Itis a colorless fuming liquid (bp 80 °C) that is readily hydrolyzed as in Reaction 
19-4.4. 


SOGI, + HạO ——> SO; + 2 HCI (19-4.4) 


Because the products of reactions such as 19-4.4 are volatile (and therefore eas- 
ily removed), thionyl chloride is often used to prepare anhydrous chlorides, such 
as iron(IHI) chloride, as in Reactions 19-4.5 and 19-4.6. 


Fe(OH); + 3 SOClạ—— 3 SO; + 3 HCI + FeCl; (19-4.5) 
FeCl;-6 HạO + 6 SOCI,——> 6 SO; + 12 HCI + FeCl,  (19-4.6) 


Thionyl chloride has a pyramidal structure with sulfur at the apex. Sulfur can be 
considered to be s#øŠ hybridized, and it should be classified as an AB;E system. 
The presence of one lone pair on sulfur allows thionyÌ chloride to act as a weak 
Lewis base. Some đr-/# bonding between § and Ô is present. 

Sulfuryl chloride (SO;GI;) is obtained by Reaction 19-4.7. 


SỐ ca 90 0Ì) (19-47) 


The reaction requires a catalyst such as FeCl;. Sulfuryl chloride is a colorless liq- 
uid that fumes in moist air, due to hydrolysis. It ñnds use as a chlorinating agent 
for organic compounds. The structure of sulfuryÌ chloride may be considered to 
be derived from a tetrahedron. ˆ 


Oxides and OÔxo Acids 


Table 19-1 lists the formulas and structures of the principal oxo acids of sulfur. 
In each case the sulfur may be considered to be roughly sø” hybridized and falls 
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Table 19-Ï The Principal Oxo Acids of Sulfur 
Name Formula StructureZ 


Aods Contamng One Sulfur Atom 


Sulfurous? T0), SOZ (in sulftes) 
Ọ 
Sulfric H;SO, "ã..”. 
OH 
Adds Containing To Sulfur Alorms . 
| 
'Th1iosulfuric H;S.O; xăjaG 
OH 
TẾT 
Dithionous? H;S,O„ JS(G—=S=$)=0)Ìsl 
LỊ 
Disulfurous” H;S.,O, KP BC... 
O 
LÍ 
Dithionic H;S;Os . x¿ 
O O 
TP 
Disulfric H;S.,O„ bàn mì OH 
` O O 
Aeds Cơntaining The or More Sulfur Atoms 
Ni 
Polythionic H;S„,sOs =› là OH 
O O 
Peroxo Acids 
] 
Peroxomonosulfuric H;SO, luC ¿ 
O 
I< si 
Peroxodisulfuric H,S,O, S00) 82277 lay. 
O O 


“In most cases the structure given is inferred from the structure of anions in salts of 
the acid. 


“The acid is stable in the gas phase as (HO),S—=O. 
“The free acid is unknown. 


into either classiication AB;E or AB„. Extensive đ—ÿmữ bonding between Oxygen 
and sulfur is to be expected. We approach the chemistry of the acids by consid- 
cring that they are derived from hydration of the acidic anhydrides SO, or SO,, 
or by protonation o£ the corresponding anions (e.g., sulfates or sulfites) 
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The Dioxides 


The đ/oxid¿s are obtained by burning the elements in aïir. Sulfur dioxide is pro- 
duced when many sulfides are heated in air. Selenium and tellurium dioxides are 
also obtained by treating the elements with hot nitric acid to form H;SeO; and 2 
TeO„;HNO¿, respectively, and then heating these to drive off water or nitric acid. 

Sulfur dioxide 1s a gas with a pungent smell. The molecule is angular. Liquid 
SO; (bp —10 °C) đissolves many organic and inorganic substances and is used as 
a solvent for NMR studies, as well as in preparative reactions. The liquid does not 
undergo selFionization, and any conductivity it may display is due to impurities. 

Sulfur dioxide has lone pairs and can act as a Lewis base. However, 1t alsO 
acts as a Lewis acid giving complexes, for example, with amines, as 1n 
(CH;)zNSO; and with electron-rich transition metal complexes. In the crys 
talline compound SbF;:SO;, which is of interest because of the use of SO; as a 
solvent for super-acid systems (Section 7-13), the SO; is bound as in Structure 
19-IH. The bonding in Structure 19-IV differs in that the S atom is bound to the 
metal. 


`- O 
øWX No = / 
ko. „In. 
F | F OC /\ (W1); 
F (ôi 5i SỐ LÊN 
19-1 19-IV 


Metal-sulfur bonding appears to be general in transiion metal species. Sulfur 
dioxide also undergoes “insertion” reactions (Chapter 30) with metal-carbon 
bonds, for example, 


RCH,HgOAc + SO,——> RCH;SO;HgOAc (195.1) 
(CH;)„Sn + SO¿—> (CH;);SnSO,CH; (19-5.2) 


$ulfr đioxiđe 1s quit€ soluble in water; such solutions, which possess acidic 
properties, have long been referred to as solutlons Of sưlfurơus acid, H;SOr¿. 
However, H,SO; is either not present or present only in infinitesimal quantities 
in such solutions. The so-called hydrate, H;SO;'~6H;O, is the gas hydrate 
(Secton 9-5), SO,*~7H,O. The equilibria in aqueous solutions o£ SO; are best 
represented as 


SO, + x HạO =SO„' xH;O_ (hydrated SO,) (19-5.3) 
[SO„ xH¿O=H,SO; K< 1] (19-5.4) 
SO,; x HạO = HSOz(aq) + HạO" + (x— 2)H,O (19-5.5) 


and the first acid đissociation constant for “sulfurous acid” is properly defined as 
follows: 


[HSO:][H'] 


"""=s“..=m.... sms. 13x10? 
[Total dissolved SO,]—[HSO; ]— [SO¿ ] 
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Although sulfurous acid does not exist, two serles Of salts, the ðzsulƒ22s (con- 
taining HSO¿) and the sz/s (containing SO§) are well known. The SOï- ion 
in crystals is pyramidal. Only the water-soluble alkali sulfites and bisulfiites are 
commonly encountered. 

Heating solid bisulftes or passing SO; into their aqueous solutions affords 
?yrosulfites. 


ọ | 
2 MHSO, =>M,S,O, +H,O 


HSO: (aq) + SO, = HS,O, (aq) 


Whereas pyro acids, e.g., pyrosulfuric, H;S;O„, (Section 7-11) usually have oxy- 
gen bridges, the pyrosulfite ion has an unsymmetrical structure, O„S—SO;. 
Some important reactions of sulfites are shown in Fig. 19-2. 


Solutons of SO› and of sulfites possess reducing properties and are often 
used as reducing agents. 


SO?# +4H*+ (x—9)H,O+2e-=SO,xH,O E°=017V (195.9) 
SO? + HạO+2e-=SO?+2OH- E°=-0.93V (19-5.10) 


Sel¿mwm dioxide 1s a white volatile solid; the gas consists of discrete and sym- 
metrically bent molecules very similar to those of SO;. In the solid state, the mol- 
ecules of SeÖ; associate through O—>Se donor bonds. For TeO;, this type of as- 
soclation through adduct formation is so strong that the compound is not 
volatile. 


The Trioxides 


Swifur trioxide 1s obtained by reaction of SO; with O¿, a reaction that is thermo- 
dynamically very favorable but extremely slow in the absence of a catalyst such as 
plauinum sponge, VạO,, or NO. Sulfur trioxide reacts vigorously with water to 
form sulfuric acid. Industrially, SO; is absorbed in concentrated H;SO/, to give 
oleum (Section 7-11), which is then diluted. Sulfur trioxide is used as such for 


ld Ì 
SO; + Na;CO,(aq) ““°› NaHSO;(aq) ©> 2, Na,S,O, 


NaOH SO, 
« 
SOOI, “<3 Na;SO,(ad) 
^ 

x® S, 

xé % Fe3+, È % 

= - 

S,O? *- S,O‡“ 
SO?” 


Figure 19-2 Some reactions of sulfites. 
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preparing sulfonated oils and alkyl arenesulfonate detergents. Ït is also a DOWeT- 
ful, but generally indiscriminate, oxId1zing agent. 

The SO; molecule, in the gas phase, has a planar, triangular structure im- 
volving both Øn-Øw and w-đ S—O bonding and forms polymers in the solid 
state. 


Sulfuric, Selenic, and Telluric Acids 


Sulfuric acid has already been discussed in Chapter 7. Sel2mc acid 1s similar tO 
H;SO¿, including the isomorphism of the hydrates and salts. Ít differs In being 
less stable, evolving oxygen above 200 °C, and being a strong but usually not ki- 
netically fast oxidizing agent. 


SeO2 +4H*+2e =H;SeO;+HạO #°= 1.15 V (19-5.11) 


đelluric acid, which is obtained by oxidation of Te or TeO; with H;O; or other 
powerful oxidants, is very different in structure, being Te(OH)¿ ¡in the crys 
talline form. It is a very weak đibasic acid (Ki = 107”) and is also an oxidant. Most 
tellurates contain TeOs octahedra as in K[TeO(OH); or HgzTeOs. 


Thiosulfdtes 


Thiosulfates are readily obtained by boiling solutions o£ sulfites with sulfur. The 
acid is unstable in aqueous solution. The alkali thiosulfates are manufactured for 
use in photography, where they are used to dissolve unreacted silver bromide 
from emulsions, by formation of the complexes [AgS;O;]" and [Ag(S;O;)z]*; 
the thiosulfate ion also forms complexes with other metal ions. 

The thiosulfate ion has the structure S—SO§", Structure 19-V: 


S Km : 
S—S' =9.01Ả 
TS so S—O = 1.47 Ả 
@) 
19-V 


and may be considered to be derived from sulfate by replacement of an O atom 
by a S atom. 


Dithionites 
The reduction of sulfites in aqueous solutions containing an excess Of SO;, by 


zinc dust, gives ZnS,O¿. The Zn?? and Na" salts are commonly used as powerful 
and rapid reducing agents in alkaline solution. 


9SO3" + 2/H:O*%2ce- =4HO-*+r S.ØO2 06 ?=-lI2V (19512) 


In the presence o£ 2-anthraquinonesulfonate as a catalyst, aqueous Na;SzO„ effi- 
cientlÌy removes oxygen from Inert gas€s. 
The dithionite 1on has the structure O,S—SOŸ, shown In Structure 19-VI: 


` ........‹‹^‹<=:.‹ 

MÔ?” NO 

@ @ S—O =1.51Ả 
19-VI 
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The eclipsed conformation, shown In Structure 19-VI, is found only in salts with 
small cations, whereas in solution it has the staggered conformation. The S—5 
bond 1s long and weak. 


Dithiondles 


The dithionate ion has the staggered structure ÔsS—— SOf-. The ion is usually ob- 
tained by oxidation of sulfite or SO; solutons with manganese(IV) oxide as in 
Reaction 19-5.13. 


MnO; + 2 SO$” + 4 H*——» Mn?* + S;O? +2 HO ^ˆ (19-5.13) 


The ion ïtself is stable and solutions of its salts may be boiled without decompo- 
sition. Ít resists reaction with most oxidizing and reducing agents and 1s there- 
fore a useful counterion for precipitating complex cations. The free acid may be 
obtained by treatment of the anion in aqueous solution with sulfuric acid. 
Dithionic acid is a moderately strong acid that decomposes sÏlowÌy in concen- 
trated solution or when warmed. Other salts of dithionate (e.g., BaS,O¿) may be 
obtained by tiration of an aqueous solution of the acid with the approprlate 
base [e.g., Ba(OH);]. Such salts are frequently hydrated, bariam dithionate 
being obtained as the dihydrate, BaSzOs-2H;O. 


Polythionotes 


Pohithiơnaie amons have the general formula [O;SS„SO;]?”. The corresponding 
acids are not stable, decomposing rapidly into §, SO;, and sometimes SOf2”. The 
well-established polythionate anions are those with ø= I—4. They are named ac- 
cording to the total number of sulfur atoms and are thus called: trithionate 
(S;Oễ ), tetrathionate (S,O§), and so on. There is evidence for anions having 
chains with up to 20 sulfur atoms. 

Tetrathionates are obtained by treatment of thiosulfates with iodine in the 
reacdon used in the volumetric determination of iodine. 


25:03 +1@ee»2T + S,OE” (19-5.14) 


The structures of trithionate and tetrathionate are shown in Structures 19- 
VII and 19-VIH, respectively. 


= 
".. sa n 
SN N >=> j... + 
Si) 0G) 
19VH 
SG 

S ` OS Ẳ 

O ) ="=2l 

So : 

m SS—S =2.09Á 
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Peroxodisulfotes 


The NH¿ or Na” salts are obtained by electrolysis of the corresponding sulfates 
at low temperatures and high current densities. The S„OZ” ion has the structure 
O;sS5—O——O——SO;, with approximately tetrahedral angles about each S atom. 


The ion is one of the most powerful and useful of oxidizing agents. 


SO?ï+2e=2SO#  E°=901V (19-5.15) 


However, the reactions are complicated mechanistically. Oxidations by SOZ- are 
slow and are usually catalyzed by addition of Ag*, which is converted to Ag”*, the 
actual oxidant. 


STUDY GUIDE 


Study Quesftions 
A. Review 


lê 
2. 


„ 


10. 


What are the principal forms in which sulfur occurs in nature? 

Ordinary solid sulfur consists of what species? Summarize briefly what is observed 
when sulfur is heated from below its melting point to above its boiling poïnt and ex- 
plain the reasons for these changes. 


- _ What types of species are formed on dissolving S, Se, and Te in oleums or other su- 


peracids? 

Discuss the aqueous chemistry of HạS, SH”, and §°”. 

What are the principal fuorides of sulfur? 

Write equations for the preparations and for the reactions with water of thionyl chlo- 
ride and sulfuryl chloride. 

Write equations for the two most important reactions, or types 0Ý reaction, o£ SO¿. 
Of what use(s) is SO;,? 

Mention the chief similarities and differences among sulfuric, selenic, and telluric 
acids. 

Give general formulas for three series of compounds that contain chains of more 
than two S atoms. 


B. Addiiiondl Exercises 


N. 


Ø ớt Re Q9 


Compare the boiling points and the acid strengths in the series H;X, where X = O 
through Te. Explain the trends. 


._ Although SE is unreactive, TeFs is hydrolyzed by water. Explain. 
.„_ Describe the preparation and uses of SF¿ and SEs. 


Why is it that SOCI; can act both as a Lewis acid and as a Lewis base? 

Predict the structure and đescribe the bonding in SeOGC]; (py)a. 

Unlike SO;, SeO; is a solid with a chaïin structure. Draw a reasonable Lewis diagram 
for such a structure. 

Draw Lewis diagrams for the following molecules and ions, giving the AB,E, classifi- 
cation, the hybridization, and the geometry at cach sulfur atom: 


(a) S;Oš (b) S2Oˆ 
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l2 


13. 


C: 
HÀ 


3. 


(c) S,O$” (d) SO; 

(c) 5Os () SOI; 

(g) SO;Cl, — (h) SCI, 

() S;Ol; 

The bond order of the S—O bond đecreases in the series OSE; > OSCI; > OSBirs. 
Explain. 


Predict the structure of the adduct between SbC1; and OPC];. 
Write a balanced equation for the dehydration o£ selenous acid. 


.‹  Draw pictures representing the orbitals as they overlap in forming ##-đm#t bonds in 


SO¿. 

Prepare an MO energy-level diagram for the 7-bond system in SO;. Ùse the group or- 
bital approach as described in Chapter 3, and construct 7-molecular orbitals cen- 
tered on the đ atomic orbitals of 8. 

The S—O bond length in SO?” is 1.44 Â and the S—O bond length in SO; is 1.42 Ả. 
Compare these with the bond lengths given in the chapter for S;O$", S,OT, St), 
and S„O§”, and with the sum (S + S and S + O) of the S—S and the S—O covalent 
single-bond radii. Discuss the relative strengths of S— O and S—S bonds in these sys- 
tems. 


Quesfions from the Literoture of Inorganic Chemistry 


Consider the oxofluorides of Se and Te as reported by H. Oberharmmer and K. 

Seppelt, Inmơrg. Chzm., 1979, 18, 2226-2229. 

(a) Draw the Lewis diagrams and discuss the hybridization and geometry (using the 
AB,E, classificaton and the VSEPR approach) of the following oxofluorides 
mentioned in this paper: SeO,E;, SeOF,, SezO;E;, TezO,F;, IO,EFs, FszSOSIEg, 
and F;SeOSeF;. 

(b) In which compounds in (a) is đt bonding between O and Se (or Te) impor- 
tant Explain. 

(c)  What reason(s) do the authors give for the tendency of SeOF, to dimerize giving 
Se;O,Fa? Explain. 

(d) Do you suppose TeOE¿ ïs stable? Explain. 

Consider the adducts o£ SO; described by P. G. Eller and G. J. Kubas, wơg. Chem., 

1978, 17, 894-897. 


(a) Does SO; serve as a Lewis acid or as a Lewis base in forming ISOz? 


(b) Other adducts XSO; were not isolated, but stabilities of the adducts were stud- 
1ed. How? 

(c)_ Draw the Lewis diagram for ISO; and discuss the structural data presented in the 
article. Classify the S atom according to the AB,E,, system. 

(d) What ¡s the significance of the I—S distance found in this study? Compare this 
I—S distance with the sum z„„„(I + §) and the sum #4„(I + S). Is this a fully co- 
valent I[—S bond? 


Consider the paper by C. J. Schack, R. D. Wilson, and J. E. Hon, Txơg. Chem., 1979, 
1ï, 208-209. 


(a) Write balanced equations for every step in each synthesis of SeF„Cl as reported 
in this paper. 

(b) What is the equation representing the hydrolysis in aqueous hydroxide solution 
of SeE,Cl? How was this hydrolysis used to analyze the compound? 


(c)_ With what other compounds o£S and Se do the authors suggest a similarity? Ôn 
what basis are these comparisons made? 
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Chapter 20 


THE HALOGENS: 
FLUORINE, CHLORINE, 
BROMINE, IODINE, 
AND ASTATINE 


20-1 


20-2 


Introduction 


With the exception of He, Ne, and Ar, all of the elements in the periodic table 
form halides. lonic or covalent halides are among the most important and com- 
mon compounds. They are often the easiest to prepare and are widely used as 
source materials for the synthesis of other compounds. Where an element has 
more than one valence, the halides are often the best known and most accessi- 
ble compounds ín all of the oxidation states. There is also an extensive and var- 
led chemistry of organic haÌogen compounds; the fuorine compounds, espe- 
cially where F completely replaces H, have unique properties. 

The position of the elements In the periodic table 1s outlined in Section 2-5, 
and some properties are listed in Table 8-7. The element as/z/nz, named for the 
Greek for “unstable,” has no stable 1sotope. As far as can be ascertained by tracer 
studies, At behaves like I, but is perhaps somewhat less electronegative. 


Occurrence, lsoloation, and Properiies of the Elemenis 


Fiuorine occurs widely, for example as CaE; (ƒiuorsba?), NazAIEFs (cryobf2, and 
3Ca;z(PO,)sCa(E,Cl); (/iuorabafife). Ít 1s more abundant than chlorine. Fluorine 
was first isolated in 1886 by H. Moissan. The element is obtained by electrolysis 
of molten fluorides. The most commonly used electrolyte is KE:'2-3HE (mp 
70—100 °C). As the electrolysis proceeds the melting poïnt increases, but the elec- 
trolyte is readily regenerated by resaturation with HE from a storage tank. 
Fluorine cells are constructed o£ steel, Cu, or Ni—-Cu alloy, whịch become coated 
with an unreactive layer of fuoride. The cathodes are steel or Cu, the anodes un- 
graphitized carbon. Although F; is often handled in metal apparatus, it can be 
handled in glass provided traces of HE, which attacks glass rapidly, are removed 
by passing the gas through anhydrous NaF or KE with which HE forms the biflu- 
orides (MHIE;). 

Fluorine is the most chemically reactive o£ all the elements and combines di- 
rectly (often with extreme vigor), at ordinary or elevated temperatures, with all 
the elements other than O;, He, Ne, and Kr. It also attacks many other com- 
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pounds, breaking them down to fluorides; organic materials often inflame and 
burn m E:. 

The great reactivity of E; is in part attributable to the low dissoclation energy 
(Table 1-1) of the F—F bond, and because reactions of atomic fluorine are 
strongly exothermic. The low F—E bond energy is probably due to repulsion be- 
tween nonbonding electrons. A similar effect may account for the low bond en- 
ergies in H;O; and N;H¿,. 

Chlor¿ne occurs as NaCl, KCI, MgCl;, and so on, in seawater, salt lakes, and as 
deposits originating from the prehistoric evaporation o£ salt lakes. Chlorine 1s 
obtained by electrolysis of brine. Older technology employed a mercury cathode 
in which the sodium dissolved. 


Na*+e =Na (20-2.1) 
CT =2Gl;+e- (20-2.2) 


However, this process entailed a hazard because of the Ïoss of mercury to the en- 
vironment, and a newer process employing membrane cells and not requiring 
mn€TCUYY 1S now common. 

Chỉlorine 1s a greenish gas. It 1s moderately soluble in water, with which it re- 
acts as 1n Reaction 20-2.3. 


C1, + HạO = HCI + HOCI (20-2.3) 


Brơmzne oCCurs in mụch smaller amounts, as bromides, along with chlorides. 
Bromine 1s obtained from brines by the reaction: 


SIả" bÌ: —HAU — 2G1 PBn (20-2.4) 


Ít 1s swept out In a current of air. Bromine is a dense, mobile, dark red liquid at 
room temperaturc. Ít is moderately soluble in water and miscible with nonpolar 
solvents such as CS; and CÓI,. 

Jodiwe occurs as 1odide in brines and as iodate in Chile saltpeter (guano, 
NaNO;). Various forms of marine life concentrate iodine. Production of I; in- 
volves either oxidizing or reducing iodates to IF followed by oxidation. An acid 
soluton o£ MnO; 1s commonly used as the oxidant: 

lodine is a black solid with a slight metallic luster. At atmospheric pressure 
¡t sublimes without melting. It is readily soluble in nonpolar solvents such as CS, 
and CCl,. Such solutlons are purple, as is the vapor. In polar solvents, unsatu- 
rated hydrocarbons, and liquid SỐ;, brown or pinkish-brown solutions are 
formed. These colors Indicate the formation of weak complexes l;: -: S known as 
chargetransfer comjlexes. The bonding energy results from partial transfer of 
charge in the sense IzS”. The complexes of I; and also of Br¿, Cl„, and ICl can 
sometines be isolated as crystalline solids at low temperatures. _ 

lodine forms a blue complex with starch, in which the iodine forms linear Iz 
lons in channels in the polysaccharide amylose. 

Asfatzwe has been identifiled as a short-lived product in the natural radioac- 
tive decay series of uranium and thorium. The element was first obtained in 
quantities sufficlent for study by the “”Bi(œ,2n)°!'At reaction (Chapter l). 
About 20 isotopes oŸ astatine are known, but the longest lived has a hal£life of 
only 8.3 h. Às a result, macroscopic quantities cannot normally be isolated for 
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synthetic purposes, although a few inorganic compounds (HAt, CH;At, Atl, 
AtBr, and AtClI) have been detected by mass spectrometry. Astatine appears to 
behave chemically about as would be expected on extrapolation of the proper- 
ties of the other halogens. It is rather volatile and somewhat soluble in water. A 
few organic compounds, such as C.H; At, C¿H;AtGCl;, and C¿H;AtO; are known. 


Holides 


There are almost as many ways of classfying halides as there are types of halides. 
Binary halides may form sinple molecules, or complex, Infinite arrays. For ionic 
compounds some common types of lattices are given in Chapter 4 and some gen- 
eral points on halides are discussed in Section 5-5. Other types of halide com- 
pounds ¡include oxide halides such as VOCI;, hydroxy halides, and 
organohalides. The covalent and ionic radii are given in Table 8-7. 


Preporotion of Anhydrous Holides 


1. Direct interaction with the elements. The halogens themselves are nor- 
mally used for most elements. The compounds HE, HƠI, and HBr may also be 
used for metals. 

Direct fluorination normally gives fluorides in the higher oxidation states. 
Most metals and nonmetals react very vigorously with F;; with nonmetals such as 
P„, the reaction may be explosive. For rapid formation in dry reactions of chiø- 
ridas, brormid¿s, and ?odidss elevated temperatures are usually necessary. For met- 
als, the reaction with Cl; and Brạ may be more rapid when TH or some other 
ether is used as a reaction medium; the halide is then obtained as a solvate. 

2. Dehydration of hydrated balides. The dissolution of metals, oxides, or 
carbonates in aqueous halogen acids followed by evaporation or crystallization 
gives hydrated halides. These can sometimes be dehydrated by heating ïn vac- 
uum, but this often leads to impure products or oxohalides. Dehydration of chÌo- 
rides can be effected by thionyl chloride, and halides in general can be treated 
with 2,2-dimethoxypropane. 


reflux 


CrCI, -6H,O + 6 SOGI, —=————›rOl, + 12 HƠI + 6 5O, (20-3.1) 

MX,-mz H,O in CH.C(OCH,)CHẹạ—————D 
MX, + m(CH,) CO + 2zCH,OH (203.2) 
The acetone and methanol products o£ Reacton 20-3.2 may solvate the halide 


products, but the solvents can easily be removed by gentle heating or at reduced 
pressures. 

3. Treatment of oxides with other halogen compounds. Oxides may often 
be treated with halogen-containing compounds to replace oxygen with halogen, 
as in the following reactions: 


"sẻ sắn (20-3.3) 
PO, + 6NH,CI —“ “› 3PrCl, + 3H,O +6NH, (2034) 
SG. + CC|,— Seo, SACI, +-- (20-3.5) 


4. Halogen exchange. Many halides react to exchange halogen with (a) ele- 
mental halogens, (b) acid halides, (c) halide salts, or (d) an excess of another 
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halogen-containing substance. Chlorides can often be converted to either bro- 
mides (by KBr) or especially to iodides (by KT), using acetone, in which KCI is 
less soluble. Halogen exchange is especially important for the synthesis o£ fuo- 
rides from chlorides, using various metal fluorides such as CoE; or AsF;. Thịs 
type of replacement is used extensively in the synthesis of organic fluorine com- 
pounds, as discussed ¡in Section 20-7. 


Another fluorinating agent that has special advantages 1s SbF;, which 1s used 
along with SbCl; as a catalyst in Reaction 20-3.6. 


Moleculor Holides 


Most of the electronegative elements, and the metals In high oxidation states, 
form molecular halides. These halides are gases, liquids, or volatile solids with 
molecules held together only by van der Waals forces. There is probably a rough 
correlaton between increasing metal-to-halogen covalence and Increasing ten- 
dency to the formation of molecular compounds. Thus the molecular halides 
are sometimes also called the covalent halides. The designation molecular 1s 
preferable, since 1t states a fact. 

The formation of halide bridges between two or, less often, three other 
atoms 1s an important structural feature. Between two metal atoms, the most 
common situation involves two halogen atoms, but examples with one and three 
bridge atoms are known. Such bridges used to be depicted as involving a cova- 
lent bond to one metal atom and donation of an electron païr to the other as in 
Structure 20-I, but structural data show that the two bonds to each bridging halo- 
gen atom are usually equivalent as in Structure 20-I. Molecular orbital theory 
provides a simple, flexible formulation in whiích the M——X—M group is treated 
as a three-center, four-electron (3c-4e) group (c£. Section 3-7). 

With ƠI and Br, bridges are characteristically bent, whereas fluoride 
bridges may be either bent or linear. Thus, in BeF; there are infñnite chains, 
=—- BeF;BeF;- - -, with bent bridges, similar to the situation in BeCl;. On the 
other hand, transiton metal pentahalides aford a notable contrast. While the 
pentachlorides dimerize with bent M——CI—M bridges (Structure 20-]]), the 
pentafluorides form cyclic tetramers with linear M—F—M bridges (Structure 20- 
JH). The Huorides probably adopt the tetrameric structures with linear bridges, 
in part because the smaller size of F than of Cl would introduce excessive 
metal-metal repulsion in a bent bridge. 
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Mokecular fiuorides oŸ both metals and nonmetals are usually gases or volatile 
liquids. Their volatility 1s due to the absence of intermolecular bonding other 
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than van der Waals forces, since the polarizability of Ñuorine is very low and no 
suitable outer orbitals exist for other types of attraction. Where the central atom 
has suitable vacant orbitals available, and especially if the polarity o£ the single 
bonds M——F would be such as to leave a considerable charge on M, as in, say, SFs, 
multiple bonding can occur using filled ø orbitals of fuorine for overlap with va- 
cant orbitals of the central atom. This multiple bonding is a major factor in the 
shortness and high strength of many bonds to fluorine. Because of the high elec- 
tronegativity of fluorine the bonds in these compounds tend to be very polar. 
Beccause of the low dissociation energy of F; and the relatively high energy of 
many bonds to F (e.g., C—E, 486; N—E, 272; P—E, 490 k] mol”), molecular fluo- 
rides are often formed very exothermically. 

The high electronegativity of fuorine often has a profound effect on the 
properties of molecules in which several F atoms occur. Representative examples 
include (a) CEFzCO;H is a strong acid; (b) (CF;)¿N and NE; have no basicity; and 
(c) CF; derivatives in general are attacked much less readily by electrophilic 
reagents in anionic substitutions than are CH; compounds. The CEs group may 
be considered as a kind of large-pseudohalogen with an electronegativity about 
comparable to that o£ CI. 

A fairly general property of molecular halides is their easy hydrolysis, for ex- 
armnple, 


BCI;+ 3 HO ——> B(OH); + 5 H* + 3 CE (20-3.7) 
PBr; + 3 HạO ——> HPO(OH); + 3 H' + 3 Br” (20-3.8) 
SiCL, + 4 HạO —> Si(OH)„+ 4H! +4 CLƑ (20-3.9) 


Where the maximum covalency is attained, as in CCl, or SEF¿, the halides may 
be quite inert towards water. However, this is a result of kinetic and not thermo- 
dynamic factors. For instance, for CEF¿, the equilibrium for hydrolysis, as in 
Reaction 20-3.10 


CF„(g) + 2 H;O(€) = CO;(g) + 4 HF() (20-3.10) 


is thermodynamically favorable (K,„ = 10”), but the rate of hydrolysis is negligi- 
ble because there is no site for attack by water at carbon. The necessity for means 
Of attack ¡s also illustrated by the fact that SFs is not hydrolyzed, whereas SeFEs and 
TeF¿ are hydrolyzed at 25 °C. Attack by a nucleophile (and expansion of the co- 
ordination sphere) is possible only for Se and Te, not §. 


Hơlogen Oxides 


Oxygen luorides have been studied as potential rocket fuel oxidizers. Oxygen di- 
fluoride (OF;) is obtained as a pale yellow gas on passing F; gas rapidly through 
a 9% NaOH solution. Dioxygen difluoride (O;E;) is an unstable orange-yellow 
solid made by the action of electric discharges on Fs—O; mixtures; ©„È; 1s an ex- 
tremely potent oxidizing and fluorinating agent. ' 

Chiorine oxides are reactive, and tend to explode. None can be obtained by di- 
rect reaction of Cl¿ and O;. The đ/ox¿đz (ClO;) 1s a powerful oxidant and ¡is used 
diluted with air commercially, for example, for bleaching wood puÏp. Ít is always 
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made “on site” by Reaction 20-4.1 
2 NaGC]O; + SO; + H,SO/ = 2 CO; + 2 NaHSO„ (20-4.1) 


or by reduction of KC]O; with moist oxalic acid at 90 °C, carbon dioxide being 
an additional product. Chlorine dioxide is monomeric (Structure 20-IV), but in 
the crystal the molecules associate loosely, pairwise as in Structure 20-V, and the 
solid becomes diamagnetic at low temperatures. 


O 
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The compound C];O ¡is used as a selective and powerful chlorinating agent 
for organic compounds. It can also be passed Into line water to make Ca(OCI):;, 
a safe and useful bleaching agent. 

lodine benfox¿đe 1s the anhydride of iodic acid, and can be prepared by dehy- 
dration of iodic acid at elevated temperatures, as in Reaction 20-4.2. 

240 °C 
=—=——` I,O, + H,O (20-4.2) 
H,O 
fast 


2 HIO, 


lodine pentoxide is an oxidizing agent that can be used in the determination of 
CO, as in Reaction 20-4.3 


5 CO + I,O, = lạ + 5 CO, (20-4.3) 


where the liberated iodine is determined by iodometry. Iodine pentoxide has a 
three-dimensional network structure with O;I—O-—IO; units linked by strong 
intermolecular I:-- O interactons. 


The Oxo Acids 


The chemistry of the halogen oxo acids is complicated. Solutions of the acids 
and several of the anions may be obtained by interaction of the free halogens 
with water or aqueous bases. In this section the term halogen refers to CI, Br, and 
[ only; fuorine forms only FOH as discussed in the following subsection. 


RedcTtion of Halogens with H;O and OH- 


The potentals and equilibrium constants necessary to understand these systems 
can be derived from data given in Table 20-1. 
The halogens are all soluble in water to some extent. However, in such solu- 


tions there are species other than solvated halogen molecules, since a dsbrobơr- 
l¿onalion feactlon OCCurs r7zÐ¡dh,. 


Xa:(g,Ê,s) = X;(aq) My (20-5.1) 
X;(aq) =H'+X + HOX v.ẦT (20-5.2) 
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Table 20-Ï  Standard Potentials (in V) for Reactions of Halogen Compounds 


Reaction Cl Br I 

(1) H'+HOX+eF =‡X;(g,€s) + HạO 163 1.59 1.45 
(2) 3H + HXO;,+3€" =‡ X;(g/s) + 2 HO 1.64 

(3) 6 H' +XO¿ +5 e =¿ X;(g,fs) + 3 HạO 112 152 120 
(4) 8H'+XO¿z+ 7e" =¿X;(g,£s) + 4 HạO 142 159 1.34 
(5) šX¿;(g,6s) +e =X~ 136 1.07 0.547 
(6) XO-+H;O+ 2c =Xx +20OH: 089 0.76 0.49 
(7) XO; +2H;O+4e =X +4OH- 0.78 

(8) XO§ +3 HạO+6e =X +6OH- 063 0.61 0.26 
(9) XO¿+4H;O+8e =X +8OH” 056 0.69 0.39 


“Indicates that Ï” can be oxidized by oxygen in aqueous solution. 


The values of K, are Cl,, 0.062; Br;, 0.21; I;, 0.0013. The values of ễ; com- 
puted from the potentials in Table 20-1 are 4.2 x 10” for Clạ, 7.2 x 10 for Br;, 
and 9.0 x 10” for I;. We can also estimate from 


‡X¿+e =X (20-5.3) 
and 
O;+4H'+4e =2H;O E°=1l.23V (20-5.4) 
that the potentials for the reactions 
2H*'+2X +‡O,=X;+ HạO (20-5.5) 


are —1.69 V for fluorine, -0.13 V for chlorine, 0.16 V for bromine, and 0.69 V for 
iodine. 

Thus for saturated solutions of the halogens in water at 25 °*C we have the re- 
sults shown in Table 20-2. There is an appreciable concentration of HOCI in a 
saturated aqueous solution o£ Cl;, a smaller concentration of HOBr ĩn a satu- 
rated solution o£ Br;, but only a negligible concentration o£ HOI in a saturated 
solution of l¿. 


Hypohdlous Acids 


The colorless, very unstable gas FOH ¡is made by passing F; over ice and collect- 
ing the gas in a trap. Ít reacts rapidly with water. The other XOH compounds are 


Table 20-2 Fquilibrium Concentrations in Aqueous 
Solutions of the Halogens (25 °©, mol L) 


CT1; Br; l; 
¬AA.Ặ —_ j.. . ._ ....L, L.‹‹.. .. ..Ố 
Total solubility 0.091 0.21 0.0013 
Concentration X;(aq), (mol jESn) 0.061 0.21 0.0013 
ljš 611,20 e |Ú 016 9.3] 0.030 11510.” 6.4 x 10 


=. ..Ô 1Ì sỶẫaaasaa 
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also unstable. They are known only in solution from the interaction of the halo- 
gen and Hg” oxide. 


2X; +9 HgO + H,O —> HgO-HgX; + 9 HOX (20-5.6) 


The hypohalous acids are very weak acids but good oxidizing agents, especially 
in acid solution (see Table 20-]). 

The jyøobalite ions can be produced in principle by dissolving the halogens 
in base according to the general reaction 


Xz¿+2OH—>› XO"+X +H;O (20-5.7) 


and for these 7z reactions the equilibrium constants are all favorable: 7.5 x 
10! forGl;, 2 x 10° for Bf#& and 50'föf I.. 

However, the hypohalite lons tend to đispropordonate 1n trái solution to 
produce the bal2£ 10ns. 


3XO- =9 X'+XO§ (20-5.8) 


For these reactions, the equilibrium constants are very favorable: 10°” for C]O”, 
10!” for BrO”, and 10”° for IO”. Thus the zezzl products obtained on dissolving 
the halogens In base depend on the rates at which the hypohalite ions that were 
imitlally produced undergo disproportionation. These rates vary with tempera- 
ture. 

The đisproportonation of C]O” 1s slow at and below room temperature. 
Thus, when CÏ; reacts with base “in the cold,” reasonably pure solutions of C]” 
and CO are obtained. In hot solutions (~ 7ð °€) the rate of disproportionation 
1s fairly rapid and good yields of ClOs can be secured. 

The disproportionation of BrO” is moderately fast even at room tempera- 
ture. Solutlons of BrO” can only be made and/or kept at around 0 °Œ. At tem- 
peratures o£ 50-80 ”“C quantitative yields of BrOs are obtained. 


3 Brạ +6 OH-—— 5 Br” + BrO; + 3 H,O (20-5.9) 


The rate of đisproportionation of IO” is so fast that it is unknown in solution. 
Hence, reaction of l; with base gives IOs quantitatively according to an equation 
analogous to that for Br;. 


Halous Acids 


The only certain acid is e#iørows øœd (HCIO,). Thịs acid is obtained in aqueous 
solution by treatng a suspension of barium chlorite with H;,SO„, and filtering off 
the BaSO¿,. lt is a relatively weak acid (K, => 10”) and cannot be isolated. Cjiori#es 
(MOIO.) are obtained by reaction of ClO, with solutions of bases. 


2 CO, +2OH —> CIO; + ClIO¿ + HạO (20-5.10) 
Chlorites are used as bleaching agents. In alkaline solution ClO; is quite stable 


even on boiling. In acid solutions, the decomposition is rapid and is catalyzed by 
CT. 
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5 HOGIO; ——> 4 CO; + CI” + H" + 2 HạO (20-5.11) 


Holic Acids 


lodic add, HIO¿, is a stable white solid obtained by oxidizing I; with concentrated 
HNO:, H;O,, O;, and so on. Cjioric and Örøomic øcids are obtained in solution by 
treating the barlum halates with H;SO,. 

The halic acids are strong acids and are powerful oxidizing agents. The lons 
XOz are pyramidal, as is to be expected from the presence of an octet, with one 
unshared pair in the halogen valence shell, thất is, an AB;E species. 

lodates of the +4 ions of Ce, Zr, Hf, and Th can be precipitated from 6 Mi ni- 
tric acid to provide a useful means of separation. 


Hơlotes and Perhdld†es 


Although disproportionation o£ CIO; is thermodynamically very favorable, 
4 C1O; = ƠI + 3 CIO¿ K~10® (20-5.12) 


the reaction occurs very slowly in solution and is not a useful preparative prOC€- 
dure. Pzrchlorafes are prepared by electrolytic oxidation of chlorates. The prop- 
erties of Ørchioric œcid are discussed in Secton 7-I1 and perchlorates are dis- 
cussed in Section 5-3. 

The disproportionation of BrOs to BrO¿ and Brˆ is extremely unfavorable 
(K~ 1073”). Pzrbromaizs can be obtained only by oxidation of BrOzs, preferably by 
F¿, in basic solution. 


BrOz + F¿ + 2 OH- = BrO¿ + 2 F" + H;O (20-5.13) 
The perbromates are exceedingly powerful oxidants. 
BrO; + 2 H'+2e =BrO; + H;O E°=+l./76V - (205.14) 
Solutions of HBrO/ up to 6 Mare stable, but decompose when stronger. 


Pzriodafes resemble tellurates in their stoichiometries. The main equilibria in 
acid solutions are 


H,IO, = H* + H,IO¿ K=1x10? (20-5.15) 
H,uIO; = IO¿ + 2 HạO K=99 (20-5.16) 
H,uIO; = H* + H;lOễ- K=9x107 (20-5.17) 


In aqueous solutions at 25 °C the main ion is IO¿. The pH-dependent equilibria 
are established rapidly. Kinetic studies of the hydration of IO¿ suggest either 
one-step or two-step paths (Fig. 20-1), the latter being more likely. Periodic acid 
and its salts are used in organic chemistry as oxidants that usually react smoothly 
and rapidly. They are useful analytical oxidants; for example, they oxidize Mn”” 
to MnOj¿. 
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the one-step and (0) the two-step mechanism for 
the aquation o£ IO¿ to IO;(OH)¿. Dotted lines 
represent hydrogen bonds. 


Interhalogen Compounds 


The halogens form many compounds among themselves in binary combinations 
that may be neutral or ionic (e.g., BrCIl, IF;, Brs, Iš). Tzrn»zry combinations occur 
only in polyhalide ions (e.g., IBrCT'). 

Neutral interhalogen compounds are of the type XX/„ where ø is an øđđ 
number, and X is always the lighter halogen when ø» > 1. Because ø is odd, the 
compounds are diamagnetic; their valence electrons are present either as bond- 
ing pairs or as unshared pairs. The principles involved in the bonding are simi- 
lar to those in xenon fluorides and have been discussed in Chapter 3. 

Chiorne frifuoride 1s a lquid (bp 11.8 ®C) that is commercially available in 
tanks. It is made by direct combination at 200-300 °C. Reaction of CIF; with ex- 
cess CÏ; gIves chiorine mơnoffuoride, which ïs a gas (bp —100 °€). 

Bromine trjfuoride, a red liquid (bp 126 °C), is also made by direct interaction. 

These three substances, which are typical of all halogen fluorides, are Very 
reactive. They react explosively with H,O and organic substances. They are pow- 
erful Huorinating agents for inorganic compounds, and when diluted with Nụ, 
they fuorinate organic compounds. 

Tnlerhalogen tons can be either cations or anions. Halogen fluorides react with 
fluoride ion acceptors, for example, 


9 CIF + AsF; = FCIAsF; (20-6.1) 


or with fluoride Ion donors, 


TE; + CsF = Cs°IFe (20-6.2) 
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Ít is not always clear that such products contain đisem#2 ions. For 1nstance, in 
CIF5SbFs each Cl atom has two close and two distant (belonging to SbF§) Huo- 
rine neighbors in a much distorted square. 

The pale yellow 2od¿de lon is formed on dissolving I; in aqueous KĨ. There 
are numerous salts of lš. Other ions are not usually stable in aqueous solution al- 
though they can be obtained in CH;OH or CH;CN and as crystalline salts of 
large cations such as CsỲ or R„N'. For chlorine, the ion is formed only in con- 
centrated solution. 


CT (aq) + Cl; —— Cl; (aq) Kx042 (20-6.3) 
The electrical conductance of molten I; is ascribed to selFionization 


3lạ=—= l‡+Is (20-6.4) 


20-7 Organic Compounds of Fluorine 


Although the halogens form innumerable organic compounds, the methods of 
making organic fuorine compounds and some of their unusual properties are 
Of interest in inorganic chemistry. Fluorination of other halogen compounds by 
treatment with metal fuorides has been discussed in Section 20-3. These meth- 
ods are expensive so that alternative cheaper methods suitable for industrial pro- 
cedures have been developed. 


1. Replacement of chlorine using hydrogen fluoride. Anhydrous HE is 
cheap and can be used to replace Cl in chloro compounds. Catalysts such as 
SbC]; or CrF¿, and moderate temperature and pressure are required. Examples 


are 
2 CCI,+8 HEF———› CCI,E, + CCI,F + 3 HCI (20-7.1) 
WểGfcớŒGu <SE-;€n cốt, (20-7.2) 


2. Electrolytic replacement of hydrogen by fluorine. One of the most im- 
portant laboratory and industrial methods 1s the electrolysis of organic com- 
pounds im liquid HE at voltages (~4.5—6) below that required for the liberation 
of E,. Steel cells with Ni anodes and steel cathodes are used. Fluorination occurs 
at the anode. Although many organic compounds give conducting solutions in 
liquid HE, a conductivity additive may be required. Examples of such fuorina- 


tions are 

(G11) G6106) (20-7.3) 

mm... (20-7.4) 

(TH). Í:3 T(TI )oE, (20-7.5) 

((Gzhblu)siN====(xbajslN (20-7.6) 

ññ 6 ðẽố6 cor- S:¿œcon (20-7.7) 

3. Direct replacement of hydrogen by fluorine. Although most organic com- 
pounds normally inflame or explode with fluorine, đirect Ñuorination of ho t9 Ề 


compounds is possible as follows. _Ắ— 
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(a) Catalytic fuorinaton where the reacting compound and F; diluted 
with N; are mixed ¿w te @resence OŸ COpper gauze Or a cesium ñuoride 
catalyst. An example is shown in Reaction 20-7.8. 

CH,+9E,—® “—›C,R; +6 HE (20-7.8) 

(b) The reaction of the substrate in the solid state, over a long period 
of time with F; (diluted with He), at low temperature. Ít is important 
to allow heat, generated in the exothermic reaction (overall for re- 
placement of H by E, ~ 420 kJ mol"), which could lead to C—C 
bond breaking, to be efficiently dissipated. The replacement reac- 
tion proceeds by several steps, each less exothermic than jnềc 
average bond strength, so that, provided the reaction time allows 
separate completion of individual steps, fluorination without degra- 
dation is possible. Examples of materials that can be fuorinated in 
this way are polystyrene, anthracene, phthalocyanine, carboranes, 
and so on. 


(c) Inorganic fluorides, such as cobalt(HD fuoride, are used for the 
vapor-phase fluorination of organic compounds, for example, 

(CH,);N—“ —› (CE,)¿N+(CF,);NF+CE,NE,+NF, — (20-79) 

4. Other methods for fluorination. A useful and selective fuorinating agent 

for oxygen compounds is SE, (Section 19-4); for example, ketones RRCO may 
be converted to RR“CF;¿, and carboxylate groups CO;H to CE¿. 

Cesium fluoride acts as a catalyst in various fluorination reactions, for ex- 

ample, 


CsF, —78 °C 


RyCN+E, R,CE,NFE, — (R¿=perfluoralkyl) (90-7.10) 


The ET ion is very nucleophilic toward unsaturated fluorocarbons and adds 
to the positive center of a polarized mulúple bond. The carbanion so produced 
may then undergo double-bond migration or may act as a nucleophile leading 
to the elimination ofE~ or another ion by an S2 mechanism. Fluoride-initiated 
reactions of these types have wide scope. The reactions can be carried out in 
DMEF or diglyme by using either the sparingly solubke CsF or the more soluble 
(G;H,)„NF. 

An example is: 


F 1; = 
CF,—CECF; —> (CF;)¿CF` ——> (CF;)„CFI+I (20-7.11) 


Properfies of Organofluorine Compounds 


The C—F bond energy is very high (486 kJ mol”; cf. C—H 415, and C—CI 332 
kJ molF`), but organic fluorides are not necessarily particularly stable thermody- 
namically. The low reactivities of uorine derivatives can be attributed to the im- 
possibility of expansion of the octet of uorine and the inability of, say, water to 
coordinate to fuorine or carbon as the first step in hydrolysis. With chlorine this 
may be possible using outer đ orbitals. Because of the small size o£ the F atom, H 
can be replaced by F with the least amount of strain or distortion, as compared 
with replacement by other halogen atoms. The F atoms also effectively shield the 


20-7 Organic Compounds of Flourine 477 


€ atoms from attack. F Iinally, since C bonded to F can be considered to be effec- 
tively oxidized (whereas in C—H it is reduced), there is no tendency for oxida- 
tion by oxygen. Fluorocarbons are attacked only by hot metals, for example 
molten Na. When pyrolyzed, they split at C—C rather than C—E bonds, 

The replacement o£ H by F leads to increased density, but less than by other 
halogens. Completely fluorinated (called perfuoro) derivatives, C„F›s„.›, have 
very low boliling points for their molecular weights and low intermolecular 
forces; the weakness of these forces is also shown by the very low coefficient of 
frictlon for polytetrafluoroethylene, (CE¿—CE,),„. 

Chlorofluorocarbons are used as nontoxic, inert refrigerants, aerosol bomb 
propellants, and heat-transfer agents. Fluoroolefns are used as monomers for 
free radical iitiated polymerizations to give oils, greases, and the like, and also 
as chemical intermediates. The compound CF;CHBrCI is a safe anaesthetic and 
the compound CHGIE; ¡s used for making tetrafluoroethylene. 

5IGHGIE,— TT yCE=CF,+9 HƠI (20-7.19) 
Tetrafluoroethylene (bp -76.6 °C) can be polymerized thermally or in aqueous 
cmulsion; the polymer is used for coating frying pans, resistant gaskets, and the 
like. Chlorofluorocarbons are now being phased out of use because they are 
photochemically decomposed in the upper atmosphere to give chlorine atoms, 
which catalyze ozone decomposition. Since destruction of any further significant 
p€rcentage oÊ this atmospheric ozone could have adverse effects, the problem o£ 
“ozone depletion” has been given serious study in recent years. Ït is not yet 
known to what extent permanent damage has already been done, nor is it clear 
what other events (namely, the increasing CO; and SOs concentrations in the at- 
mosphere) wIll contribute to the complicated pattern of O; concentrations in 
the upper atmosphere. 

Fluorinated carboxylic acids are strong acids. For example, CFsCO;H has 
K,= 5.9 x 10, while for the parent acetic acid, CHyCO,H, K,= 1.8 x 10”. Many 
reactions of fuorocarboxylic acids leave the fluoroalkyl group intact. Consider, 
for example, the sequence o£ esterification by Reaction 20-7.13: 


Gg,CO,H— TT» C,F,CO,G,H, (20-7.13) 


›H; 
ammonolysis according to Reaction 20-7.14: 
C,NGO;GgHe=È”“+»(qopGGIREIE (20-7.14) 
followed either by dehydration: 


PO; 


Ca OJNH.— = . pc (20-7.15) 
or by reduction: 
LiAIH, „ 
CLẠE,COỚ,NNH,————— (E67 NH1, (20-7.16) 


all of which leaves the fluoroalkyl group untouched. 
Perfluoroalkyl halides are made by Reaction 20-7.17. 


heat 


EW(0084z641)==“ 5/1 GO@t Agl (20-7.17) 
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Perfluoroalkyl halides are relatively reactive, undergoing free radical reactions 
when heated or irradiated. Because of the very strong electron-withdrawing na- 
ture of perfluoroalkyl groups, they do not undergo most of the nucleophilic re- 
actions typical of the alkyl halides. Triluoromethyl iodide is readily cleaved ho- 
molytically according to Reaction 20-7.18: 


CFzI=CFz+I AH=115kJ mol" (20-7.18) 


and radical reactions of CF;I give CF; derivatives, an example being Reaction 
20-7.19. 


CEI9p.tt^” yơm jpT, (20-7.19) 


STUDY GUIDE 


Siudy Quesfions 


A. Review 


1. Where, and in what chemical form, are the halogens found in nature? 
2. How are the free halogens prepared from their halide salts? 


3. List the main methods for the preparations of various anhydrous compounds o£ chÌo- 
rine. 


4. Give balanced equations for preparations of the following: 
(a) CrCl; from [Cr(H;O)s]C1; 
(b) FeCl; from Fe 
(c) PBrs from red P 
(d) Cul from aqueous CuSO„ 
(e) EeCl; from Fe 
()  GdGI1; from Gd;O; 


5. Wly is it impossible to make iodides of elements in high oxidation states, whereas 
corresponding bromides and chlorides are known?› › 


6. Which elements give chlorides that are essentially insoluble in water or dilute HNO;? 
‹- How may halides act as bridging ligands? 


- 


8. Give balanced equations for the preparations of the following oxo halogen com- 


pounds: 

(a) CIO; (b) I,O; 
(c) NaOCl(aq) (d) NaGClO, 
(e) NaC1O; Œ) NaGClO, 


9. What are the general formulas and names of the four types of oxo acids of the halo- 
gens and their anions? In the case of iodine, there is one of unique stoichiometry. 
What is its forrmnula? 

10. Name one cationic, one neutral, and one anionic interhalogen compound. In those 
consisting of three or more atoms, state the rule that predicts which atom will be the 
central atom. 

11. lodine has a very low solubility in water, but dissolves readily in KI(aq). Why? 

12. Describe two methods for making fluoroorganic compounds. 
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B. Additiondl Exercises 


IL, 


11. 
12. 


c. 


._ Consider the properties of the perbromate ion as reported by E. H. Appleman, Iwơœg. 


The compound E;O; has a VCTY. short O—O bond (1.217 Ả) cormpared with those in 
H;O;, (1.48 Ả) and O£- (1.49 Ả). It also has relatively long O——F bonds (1.575 Ả) 
compared with those in OF;. Why? 


CÌO, is a free radical with one unpaired electron, and it has less tendency to dimer- 
1ze than does NO;. Why? 


Suggest a geometry for SbF; and SbCl;. Classify each Sb atom according to the AB, K, 
scheme of Chapter 3. 

Draw the shapes of the following molecules and ions, giving the AB,E, classification 
and the hybridization for each central atom. (a) CIF (b) BrF; (c) I; (d) IEF; 
(e)CIFT (Œf)l (g) BrF¿ (h) IClš 

What is the order of acid strength for the following: HCIO, HGIO,, HCIO;, and 
HƠIO,? Why? 

Why can E; not be obtained by electrolysis of aqueous solutions of NaF? 


-  Predict the details of the structures of (a) O,;F; (b) CIO, (c) BrO; (d) HIOz 


(e) BrO; 


._ Write balanced equations for cach of the following: 


(a) The oxidation of aqueous HCI by MnO.. 

(b) The oxidation of aqueous HI by MnO¿. 

(c) Hydrolysis of SeFs. 

(đ) Reducton of KC]O; by oxalic acid. 

(e) Reaction of aqueous barium chlorite with sulfuric acid. 
(f) Oxidation of Mn?* to MnOz by periodic acid. 


._ How might you obtain CF;NO from CF;[l? 
10. 


An unknown metal carbonyl (1.86 g) was heated with excess iodine dđissolved in pyri- 
dine, liberating CO. The gas was passed over I;O;, and the resulting Ï; was extracted 
with COIl,. The amount o£ I; in the CCI, solution was determined by reaction with 
sodium thiosulfate, 20.0 mL of a 1.00 M solution being required. Write balanced 
cequations for each step in the analysis, and calculate the formula of the unknown 
metal carbonyl. 

Describe the bonding in I; and lặ. 

Describe the three-center, four-electron (3c-4e) bond system of the molecular halide 
M;C1;o, Structure 20-11. 


Problems from the Literature of Inorganic Chemistry 


Chem., 1969, 8, 223-227. 

(a) Perbromic acid in aqueous solution and alkali perbromates were shown to con- 
tain the same tetrahedral BrO; ion. On what basis was this conclusion reached? 

(b) Periodates are rapidly hydrated to H„IO¿. How was it demonstrated that thịs 
does not happen for perbromate? 

The IE¿ lon 1s featured In the work by K. O. Christe and D. Nauman, /nơrg, Chưm., 

1973, 72, 59-62. 

(a) How was the square planar geometry of IF; established? 

(b) Discuss the geometries of IF¿" and XeF¿ in terms of VSEPR theory. 

The BrF‡ cation was studied by M. D. Lind and K. O. Christe, ï»ørg. Chzm., 1972, II, 

608-612. 

(a) Discuss the structure in the solid state of [BrF¿][Sb¿F¡n] by taking the view that it 
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is constructed through Lewis acid-base interacdons between [BrF2], [SbFa], and 
SbE;. Identify all đonor-acceptor interactions in Fig. 1 of this paper. 
(b) What would be the geometries Of [BrF‡], [SbFz], and SbF; in the absence of 
these solid state interactions? 
4. ` The compound CIF;O was described in a series of papers by K. O. Christe et al., ïnorg. 
Chem., 1979, 11, 2189, 2192, 2196, 2201, 2205, 2209, 2212. 


(a) Write equations representing the synthesis of CIFạO (¡) from Cl¿O—note the 
precautions! (ii) from NaClO;, and (11) from CIONO.. 


(b) Write equations for the thermal decomposidon o£ CIF;, CIF;, IOF;, FClO;, and 
C]EF;O. 

(c)_ What reactions may be used in photochemical syntheses o£ CIF;O? 

(đ) What is the structure of CIFạO? Classify it according to the AB,E, system. 

(e) List two reactions in which CIEzO serves as a Lewis acid. 

(f)  List two reactions in which CIF;O serves as a Lewis base. 

(g) What are the structures of the ions CIFE,Oˆ and CIE Si) 


5. Make a list of all of the reasons given recently by Gillespie and Robinson (R. J. 
Gillespie and E. A. Robinson, Iơng. Chzm., 1992, 31, 1960-1963) for proposing a new 
value (0.54 A) for the covalent radius of fluorine. 
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Chapter 21 


THẺ NOBLE GASES 


21-1 


21-2 


Occurrence, Isolalion, and Applicdalions 


The noble gases (Table 21-]) are minor constituents of the atmosphere, from 
which Sir Wiliam Ramsay was first able to isolate the elements Ne, Ar, Kr, and 
Xe. William E. Hilebrand had isolated helium gas from uranium minerals, and 
Ramsay was able to demonstrate that the gas has the same spectrum as the ele- 
ment Identified spectroscopically in the sun by Sïir J. Norman Lockyer and Sïr E. 
Frankland in 1868. 

Helium occurs in radioactive minerals and, notably, in some natural gases in 
the United States. Íts origin is entirely from the decay of uranium or thorium Iso- 
topes that emit Œ-particles. These œ-particles are helium nuclei that acquire elec- 
trons from surrounding elements, and If the rock 1s sufficiently impermeable, 
the helium remains trapped. The gas radon, all of whose 1sotopes are radioactive 
with short hal£lives, was character1zed In the decay serles from uranium and tho- 
rium. 

The elements Ne, Ar, Kr, and Xe are obtained from fractonation of liquid 
air. The gases were originally termed inert, and thought to have no chemical re- 
activity at all. They provided the key to the problem o£valency, the interpretation 
of the periodic table, and the concept of the closed-electron shell configuration. 
Although we now know that some of the noble gases can form compounds, they 
still provide a poïnt of reference in these respects. 

A main use of helium is as the liquid in cryoscopy. Argon may be used to pro- 
vide an inert atmosphere in laboratory apparatus, in welding, and in gasfilled 
electric light bulbs. Neon ïs used for discharge lighting tubes, giving the familiar 
red gÌlow of “neon” signs. 

Rađon, formed from other elements by radioactive decay sequences, 1s a 
health hazard in houses in certain øranite areas. It is taken into the lungs, where 
by-products from its decay sequences cause cancer. Thorough ventilation of the 
houses 1s Important In such areas. 


The Chemistry of Xenon 


During studies with the very reactive gas PtFs, Bartlett found that a crystalline 
solid, [O;*][PtFạ], was formed with oxygen. He noted that since the ionizatlon 
enthalpy of Xe is almost identical with that o£ O¿, an analogous reacton might 
be expected and, indeed, in 1962 he reported the first compound containing a 
noble gas, a red crystalline solid first believed to be [Xe”][PtFs], but now known 
to be more complex. 
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Table 21-TI  Some Properties of the Noble Gases 


¬.c “77... ẽ-—cẽ-Ặ— 7 - 


Element 


He 
Ne 


Outer 
Configuration 


132 

2s?20 
39230 
4940 
Bsˆ50° 
6s”6/#° 


First 
lon1zation 
Enthalpy 
(kJ mol) 


2369 
2078 
1519 
1349 
1169 
1036 


Normal 
bp(K) 


4.2 
27.1 
87.3 
120.3 
166.1 
208.2 


Vol. % in 
atmosphere 


(x 10%) 


W8 
18.2 
9340.0 
11.4 
0.08 


There is now an extensive chemistry of xenon with bonds to F and O; one 
compound with a Xe——N bond is known, but compounds with bonds to other eÌl- 
ements are highly unstable. A few krypton compounds exist, but while there 
should be an extensive chemistry of Rn, the short lifetimes of the isotopes make 
study impossible. Xenon only reacts directly with fuorine, but oxygen com- 
pounds can be obtained from the fluorides. Certain compounds are very stable 
and can be made in large quantities. Table 21-2 lists some of the more Important 


compounds and their properties. 


Toable 21-2 Some Xenon Compounds 


Oxidation 
State Compound Form mp(°©) Structure Remarks 
I XeF; Colorless 190 Linear - Hydrolyzed to 
crystals Xe+O,; 
very soluble in 
HF(€©) 
IV XeF¿, Colorless HỊ7 Square Stable 
crystals 
VI XeFs Colorless H06 Complex, Stable 
crystals See text 
Cs.XeFg Yellow Archimedean Stable to 400 °C 
solid antiprism 
XeOE¿ Colorless -46 Square Stable 
liquid pyramid 
XeO;EF; ColorÌess 31 Seesaw Stable 
crystals Faxial 
XeO; Colorless Pyramidal Explosive, 
crystals hygroscopic; 
stable in 
solution 
VIHI XeO„ Colorless =1, Tetrahedral Explosive 
gas 
XeO£~ Colorless Octahedral Anions 
salts ý D.cc Gì) 0 
H;XeOZ, 


H;sXeOs§ also 
©XISt 
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Fluorides 


Thermodynamtc studies of Reactions 21-2.1 to 21-2.3 


Xe+ F;¿ = XeF; (21-2.1) 


show that only these three fluorides exist. The three equilibria are established 
rapidly only above 250 °C, and the synthesis of one fluoride either from the oth- 
€rs or Instead of the others must be performed above this temperature. The 
three fluorides are volatile substances, subliming readily at 25 °C. They can be 
stored in nickel vessels, but XeE„ and XeFs are exceptionally readily hydrolyzed, 
and even traces of water must be excluded. 

Xenon diffuoride (XeE;) 1s best made by interaction of Xe with a deficiency of 
F; at high pressures. The deficiency of F; insures exclusive formation of the di- 
fuoride. It đissolves in water to give solutions with a pungent odor o£ XeF;. 
Hydrolysis is slow in acid solution, but rapid in the presence of bases, due to 
Reaction 21-2.4. 


XeF; + 2 OH- = Xe +‡O¿ + 2 F~ + HạO (21-9.4) 


Such aqueous solutions are strong oxidizers, converting HCI to Clạ and Ce”” to 
Ce**. Xenon difluoride is also a mild fuorinating agent for organic compounds; 
for example, benzene forms CzH;EF. 

Xenơn tetrafluoride (XeF,) 1s the easiest of the three fluorides to prepare. On 
heating a 1:5 mixture of Xe and F; at 400 °®C and about 6-atm pressure for a few 
hours, XeF¿ ¡s formed quantitatively. It resembles XeE; except for its behavior on 
hydrolysis, as discussed later. Xenon tetrafluoride will fuorinate aromatic rings 
in compounds such as toluene. 

Xenơn hexafluoride (XeFs) 1s obtained by the interaction of XeE¿ and F; under 
pressure or directly from X%e and F; at temperatures above 250 ”C and pressures 
greater than 50 atm. Xenon hexafluoride is extremely reactive, attacking even 
quartz as in Reaction 21-2.5. 


SiO; + 2 XeEFsạ——> 2 XeOl¿ + SIF, (21-2.5) 


Xenon hexafluoride is a strong acid according to the Lux-Flood definition that 
was điscussed in Chapter 7. Ït accepts oxide ion from other compounds and in- 
serts fuoride ion in its place. The order of decreasing Lux-Flood acidity is 


XeE¿ > XeO,F„ > XeO, > XeOE¿ > XeF¿ > XeO;F; > XeO; > XeFE; 


Any acid reacts by accepting oxide from any base beneath it in this series, and re- 
placing it with fluoride. This can be useful in synthesis, and Reaction 21-2.6 is an 
example. 


XeOF, + XeOs——> 9 XeO,F; (21-2.6) 


The colorless crystals of XeFs contain beth tetramers and hexamers, cach 
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made up of XeF‡ units linked by unsymmetrical and bent F bridges, as shown 
in Fig. 91-1. Monomeric XeEs in the liquid or the vapor has a distorted octahe- 
dral structure because of a lone pair of electrons at Xe. 


Xenon Fluoride Complexes 


The xenon fluorides will react with strong Lewis acids such as SbF; or IrE; to give 
adducts. The three types of adducts formed by XeF; are XeF;'MF;, 2XeF;'ME;, 
and XeF,-2MEF;, where M = Ru, Ir, Pt, and so on. Although XeF;'IF; has a mol- 
ecular rather than ionic structure, in most cases adduct formation involves fluo- 
ride ion transfer to give structures that contain ions, such as XeF” (formed by 
loss of F~ from XeF;), Xe;Fš (which has a planar Structure 2l-l), 


F.2.14Ä 
Xe... xe Ầ 
s§ 151 "1.90 A 
E E 
21-I 


and XeFÿ (formed by transfer of FF from XeEạ). Examples include 
[XeFÿ][PfŒ¿] and Reaction 21-2.7. 


2 XeF; + AsF, ——> [Xe,F‡] [AsFz] (21-8.7) 


Xenon hexafluoride can act as a Lewis acid toward F~ and can be converted to 
heptafluoro or octafluoro xenates as in Reactions 21-2.8 and 21-2.9. 


(4) (b) 
Figure 21-Ï The tetrameric (2) and the hexameric (ð) units that make up the crystal struc- 
ture of XeEs. Each is built up o£ XeF¿ units bridged by F- ions. There are at least four crystalline 


forms of the substance, three of which are built up of tetramers and one which includes both 
tetramers and hexamers. 
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XeFs + RbF —> RbXeF; (21-2.8) 
2 RbXeF; —> XeF¿ + Rb,XeFs (21-2.9) 


These rubidium octafluoroxenates are among the most stable xenon com- 
pounds known and decompose only above 400 °Œ. 


Xenon-Oxygen Compounds 


Xenon trioxide is formed in the hydrolysis of XeF¿ and XeF¿ according to 
Reacttons 21-2.10 and 21-2.11. 


3 XeF,1+6H,O —š XŠO; +9 Xe+‡O, + 12 HE “*° (21-2.10) 
XeFs + 3 HạO ——> XeO; + 6 HF (21-2.11) 


The colorless, odorless, and stable aqueous solutlons of XeO; appear to con- 
tan XeO; molecules. Ôn evaporation of water, XeO; is obtained as a white del- 
iquescent solid that is dangerously explosive. In basic solution, a xenate(V]) 
1on (HXeO/¡) 1s formed, as in Reaction 21-2.12. 


XeO; + OH~——> HXeOx (21-2.12) 


The lon HXeO;¿ slowly disproportionates to give a xenate(VII) (or perxenate 
ion, XeOZ), as in Reaction 21-2.13. 


2.HXeOz+2 OH-—> XeO£ + Xe+ O;+2 HO ˆ (212.13) 


Perxenates are also formed by oxidation of HXeO¿ with ozone. The perxenate 
ions are yellow and are both powerful and rapid oxidizing agents. Salts such as 
Na,„XeO,-8H,O are stable and sparingly soluble in water. 

In alkaline solution, the main form is the ion HXeOÿ", and perxenates are 
only slowly reduced by water. However, In acid solution, reduction by water ac- 
cording to Reacton 21-2.14 is almost instantaneous, and the hydroxyl radical is 
Involved as an intermediate. 


H,XeOÿ' + H' —> HXeO¿ + HạO +¿ O; (21-2.14) 
When barium perxenate is heated with concentrated sulfuric acid, xenon 


tetroxide (XeO/) is formed as an explosive and unstable gas. 
The aqueous chemistry of xenon is summarized by the potentials: 


› .12V 
Acid solution H,XeO, =-.x XeO, sục 
Ta TÁC 


= .g4 `... 
Alkaline solution HXeO¿ = `. HXeO, s45 sNc 
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Other Noble Gas Chemisiry 


Radon might be expected to display even more chemistry than xenon, but be- 
cause of the radioactivity of all radon isotopes, rather little has been learned 
about it. Apparently, at least one radon fluoride of uncertain composition does 
©XISI. 

The other noble gas atoms have higher ionization energies than the xenon 
atom, and they therefore are much less reactive. In a consistent manner those 
compounds formed by the lighter noble gases are less stable than those of 
xenon. 

Krypton difuoride (KrF;) ¡is obtained when an electric discharge is passed 
through a mixture of Kr and E; at —180 °C. It resembles XeE; being a volatile 
white solid constructed of linear FKrF molecules, but differs in that it is ther- 
modynamically unstable, as indicated by Reactions 21-3.1 and 21-3.2. 


KrF;(g) =Kr(g) +Fạ(g) — AH°=-~63 kJ mol" (21-3.1) 
XeF;(g) = Xe(g) + F;(g) ANH"? = 105 kJ mol" (21-3.2) 


Some compounds with Xe—C bonds are known. An example is C¿F;Xe”, 
which is made by Reaction 2]1-3.3. 


XeF; + B(C¿F;)s—> [CsF;Xe*][FzBC¿EF;-] (21-3.3) 


STUDY GUIDE 


Study Questions 


A. Review 


1. What is the origin of terrestrial helium? 


2. Why do the boiling points of the noble gases vary systematically with atomic number? 
What interatomic forces account for this variation? 


3. How are XeF;, XeF,, and XeFs prepared? vs 


th 


Write balanced equations for the hydrolyses of XeF;, XeF¿„, and XeF§. 
5, How are xenates and perxenates made? 


B. Addifiondl Exercises 


1. Write balanced equations for 
(a) The oxidaton of HXeO¿ by ozone. 
(b) The reduction of XeOÕ; by IF in acid solution to give Xe. 
(c) Oxidation of HCI by XeF;¿. 
(đ) Oxidation of Ce?” by XeE;¿. 
(e) Synthesis of [XeE”][SbFs]. 
2. Show the electron-pair geometry around each atom in Xe;F‡ and classify each atom 
using the AB,E, system. 


3. Draw the Lewis diagrams and show the electron-pair geometries around each atom 
in 
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(a) XeF¿ (b) XeO;s 
(c) XeO£" (d) XeOF¿ 
(e) XeEs () HXeO¿ 
(g) XeFEÿ- (h) XeF; 
4. Prebare a MO descripton of the bonding in XeF; using only a colinear set of Ø Or- 
bitals. 


5. Discuss the following reactions in terms of the Lux-Flood deñnition of acids and 
bases: 


(a) XeEs + XeO,;F¿——> 2 XeOE, 
(b) XeO;F; + XeO;F; ——> XeOF, + XeO„ 
(c) XeE; + Na;XeO¿ ——> no reaction 


C. Quesftions from the Literoture of Inorganic Chemistry 


1. Consider the work by J. L. Huston, ïxøg. Chem., 1982, 21, 685—688. 

(a)  Write a plausible sequence of reactions for the hydrolysis of XeF¿ in excess Water. 

(b) Explain Reacuons 1, 2, 4, 11, 12, 16, and J7 in terms of the Lux-Flood defini- 
tioön of acids and bases. Identify the acid and base in each reaction. 

(c) Prepare an order of base strength for each of the bases featured in the reactions 
of (b). 

2. Consider the series of papers by N. Bartlett et al., Ixơg. Chem., 1973, 12, 1713, 1717, 
c2 

(a) Explain how each of the following adducts may be considered to arise from flu- 
oride ion transfer to give ionic compounds with weak E” bridges in the solid 
state: (1) XeF„'2SbF;; (ii) XeF¿'RuF; and XeF¿RuF;s; (1) XeF„SbFz and 
XeF,°2SbF;; and (iv) XeOF„'SbF; and XeOE„-2SbF; 

(b) Describe the geometries (ignoring the weak E” bridges) of the cations in the 
compounds of (a). Use the AB,E, classification, and pay close attention to the 
positons o£ the lone electron pairs. 

(c)_ Do the oxygen atoms in XeOFš and XeO;EF; prefer equatorial or axial positions? 
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ZINC, CADMIUM, 
AND MERCURY 


22-1  Introduction 


The position of Zn, Cd, and Hg in the periodic table ¡s discussed ¡in Section 2-5, 
and some properties are given in Table 8-2. Mercury shows such unique behav- 
lor that It cannot be considered as homologous to Zn and Cd. 

Although these elements characteristically form +2 cations, they do not have 
much in common with the Be, Mg, and Ca to Ra group except for some resem- 
blances between Zn, Be, and Mg. Thus BeO, Be(OH);, and BeS have the same 
structures as ZnO, Zn(OH);, and ZnS, and there is some similarity in the solu- 
tion and complex chemistry ofZn?* and Mg”*. The main cause of the differences 
between the Group IIA(2) and the Group IIB(12) lons arises because of the high 
polarizability of the filled đ shell of the Group HIB(12) ions compared with the 
nonpolarizable, noble gas-like electron configurations of the Group IIA (2) ions. 


22-2  Occurrence, isolalion, and Properiies of the Elemenfts 


The elements have relatively low abundance in nature (of the order 10'° of the 
earth's crust for Zn and Cd), but have long been known because they are easily 
obtained from their ores. 

Zinc occurs widely, but the main source is s22, (ZnFe)S, which com- 
monly occurs with galena (PbS); cadmium minerals are scarce but, as a result of 
1ts similarity to Zn, Cd occurs by isomorphous replacement in almost all Zn ores. 
Methods of isolation involve flotation and roasting, which yield the oxides; the 
ZnO and PbO are then reduced with carbon. Cadmium 1s Invariably a by/prod- 
uct and is usually separated from Zn by distillation or by precipitaton from suk 
fate solutons by Zn dust. 


Zn + Cd?'=Zn”+Cd  E°=+0.36 V (22-2.1) 


The only important ore of merCury 1s Øwabar (HgS); this ore is roasted to 
give the oxide which, in turn, decomposes at about 500 °C, the mercury vapor- 
1zInE. 

Zinc and cadmium are white, lustrous, but tarnishable metals. Their struc- 
tures deviate only slightly from perfect hcp. Mercury ¡s a shiny liquid at ordinary 
temperatures. All of these elements are remarkably volatile for heavy metals, 
mm€rCUrFy untipety so. Mercury gives a monatornic vapor and has an KH ờïu d5 
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vapor pressure (1.3 x 10” mm) at 20 °C. It is also surprisingly soluble in both 
polar and nonpolar liquids; a saturated solution in water at Z5 °C has 6 x 10” g 
of Hg per gram of HạO. Because of its high volatility and moderate {OXICIty, IM€T- 
cury should always be kept in stoppered containers and handled in wellventi- 
lated areas. It becomes extremely hazardous in the biosphere because there are 
bacteria that convert it to the exceedingly toxic CH;Hg” ion. Mercury is readily 
lost from aqueous solutions of mercuric salts owing to reduction by traces oÊ re- 
ducing materials and by disproportionation of Hỗ 

Both Zn and Cd are very electropositive and react readily with nonoxidizing 
acids, releasing H; and giving the divalentions; Hg is inert to nonoxidizing acids. 
Zinc also dissolves in strong bases because of its ability to form zincate 1OnS (see 
Reaction 29-2.2), commonly written ZnOŸ.. 


Zn1 2UOLl —= 4n; 1 bự : (22-2.2) 


Cadmium does not dissolve in bases. 

Both Zn and Cd react readily when heated in O;, to give the oxides. 
Although Hg and O; are unstable with respect to HgO at 25 °C, their rate of 
combination is exceedingly slow; the reaction proceeds at a useful rate at 
300-350 °C, but above about 400 °C the AG becomes positive and HgO decom- 
poses rapidly into the elements. 


HgO@) = Hg(£) +‡O; AH,¡„= 90.4 kJ mol" (22-2.3) 


Thịìs ability of Hg to absorb O; from the air and regenerate it as OÔ; was OoÊ con- 
siderable importance in the earliest studies of the element oxygen by A. L. 
Lavoisier and J. Priestley. 

All three elements react with halogens and with nonmetals such as S, Se, 
and P, 

The elements Zn and Cd form many alloys. Some, such as brass, which 1s a 
copper-~zinc alloy, are of technical importance. Mercury combines with many 
other metals, sometimes with difficulty but sometimes, as with Na or K, very vig- 
Orously, giving amalgazmms. Many amalgams are of continuously variable composi- 
tions, while others are compounds, such as Hg;Na. Some of the transition rmet- 
als đo not form amalgams, and iron is commonlÿ ùsed for containers of Hg. 
Sodium amalgams and amalgamated Zn are frequently used as reducing agents 
for aqueous solutions. 


The Univolent Stolte 


The elements Zn, Cd, and Hg form the ions Mỹ”. The Zn§* and CdỆ” ions are un- 
stable, especially Zn?", and are known only in melts or solids. Thus addition of 
Zn to fused ZnQG]; gives a yellow solution and, on cooling, a yellow glass that con- 
tams 2. 

The lons have a metal-metal bond (“M—M); Raman spectra allow the esti- 


mation of force constants, and they show that the order of bond strength is 
Zn§Ÿ:<:Gd5`seieSb 
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The mercury(W) ion (Hg?”) is formed on reduction of mercury(II) salts in 
aqueous solution. X-ray diffraction studies on many compounds such as Hg;Cl1;, 
Hg;SO¿, and Hg;(NO;)z:2H;O show that the Hg—Hg distances range from 2.50 
LÒ 2./UïC depending on the associated anions. The shortest distances are found 
with the least covalently bound anions (e.g., NO;). 


Hg'-Hg'"' Equilibric 


An understanding of the thermodynamics of these equilibria 1s essential to an 
unđerstanding of the chemistry of the mercury(I) state. The important values 
are the potentials. 


Hg?*+2e-=9Hg  E°=0.789V (22-3.1) 
SHE”?+2c =Hg ố  E°=0.920V (22-3.2) 
Hg*^+2c=Hg  E°=0/854V (29-3.3) 


For the disproportionation equilibrium 
Hgề? =Hg + Mã" E°=-0.1531lIV (22-3.4) 
from which ït follows that 


3ˆ] 
[Hg?' ] 


=6.0x10 (22-3.5) 


The implicadon of the standard potentials is clearly that only mm. agents 
with potentials in the range —0.79 to —0.85 V can oxidize mercury to Hg', but not 
to Hg”. Since no common oxidizing agent meets this requirement, it is found 
that when _—_.. is treated with an excess Of oxidizing agent It 1s SemdtE j con- 
verted into Hg”, However, when mercury is in at least 50% excess, only Hạ” is ob- 
tained since, according to Reaction 22-3.4, Hg readily reduces Hạ” tø H62. 

The equilibrium constant for Reaction 22-3.4 shows that Hgỗ' is stable with 
respect to disproportionation, but by only a small margin. Thus any reagents that 
reduce the activity (by precipitation or 5.1... of Hg”", to a significantly 
TỶ extent than they lower the activity of Hg?”, will cause diypmbortionation of 
Hgệ'. There are many such reagents, so that fif number of stable Hg” com- 
pounds is quite restricted. 

Thus, when OH- is added to a solution of Hgƒ”, a dark precipitate consising 
of Hg and HgO is formed; evidently mercury(J) hydroxide, ¡f ¡t could be iso- 
lated, would be a stronger base than HgO. Similarly, additdon o£ sulfide ions to a 
solution of Hgệ” gives a mixture of Hg and the extremely insoluble HgS. 
Mercury(I) cyanide does not.exist because Hg(CN);, although soluble, is so 
slightly dissociated. The reactions in these cited cases are 


Hg?* + 2 OH-——> Hg + HgO(s) + HạO (29-3.6) 
Hg"' + SẼ” ——> Hg + HgS@) (22-3.7) 
Hg?* + CN” ——> Hg + Hg(CN);(aq) (29-3.8) 
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Dimercury(I) Compounds 


As we indicated previously, no hydroxide, oxide, or sulfñde can be obtained by 
addition of the appropriate anion to aqueous Hgš”, nor have these compounds 
been otherwise made. 

Among the best known dimercury(I) compounds are the #zdzs. The Äuo- 
riđe is unstable toward water, being hydrolyzed to hydrofluoric acid and hydrox- 
ide (which immediately disproportionates as shown previously). The other 
halides are insoluble, which thus precludes the possibilities of hydrolysis or dis 
proportionation to give Hg” halide complexes. Mercury(1) nitrate and perchlo- 
rate are soluble in water, but Hg;SO, is sparingly soluble. 


Divolent Zinc and Cadmium Compounds 
Binary Compounds 


Oxides 

The øx/22s (ZnO and CdO) are formed on burning the metals in air or by 
pyrolysis of the carbonates or nitrates; oxide smokes can be obtained by com- 
bustion of the alkyls. The cadmium oxide smokes are exceedingly toxic. Zinc 
oxide is normally white but turns yellow on heating. Cadmium oxide varies in 
color from greenish yellow through brown to nearly black, depending on Its 
thermal history. These colors are the result of various kinds of lattice defects. 
Both oxides sublime at very high temperatures. 

The hydroxides are precipitated from solutions of salts by addition of bases. 
The compound Zn(OH); readily dissolves in an excess of alkali bases to give 
“zincate” ions and solid zincates such as NaZn(OH); and Na;[Zn(OH)„] can be 
crystallized from concentrated solutions. Cadmium hydroxide, Cd(OH);, is in- 
soluble in bases. Both Zn and Cd hydroxide readily dissolve in an excess Of 
strong ammonia to form the ammine complexes, for example, [Zn(NH;)„]Ÿ'!. 
The complete set of formation constants for the cadmium system was presented 
in Section 6-4. 


Sulfides 

The s/dzs are obtained by direct interaction or by precipitation by H;S 
from aqueous solutions, acidic for CdS and neutral or basic for ZnS. The sul- 
fides, as well as the selenides and tellurides, all have the wurtzite or zinc blende 
structures shown in Chapter 4. 


Halides 

The fuorides are essentially ionic, high melũng solids, whereas the other 
hal;d2s are more covalent in nature. The fluorides are sparingly soluble in water, 
a reflection of the high lattice energies of the ZnE; (rutile) and CdF; (fluorite) 
structures. The other halides are much more soluble, not only in water but in al- 
cohols, ketones, and similar donor solvents. Aqueous solutions of cadmium 
halides contain all the species CdẺ*, CdX*, CdX;, and CdX;z in equilibrium. 


Oxo Salts and Aqua lons 
Salts of oxo acids such as the nitrate, sulfate, sulfite, perchlorate, and acetate 
are soluble in water. The Zn”" and Cd”” ions are rather similar to MgÊ*, and many 
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of their salts are isomorphous with magnesium salts, for example, 
Zn(Mg)SO„-7H;O. The aqua lons are acidic, and aqueous solutlons of salts are 
hydrolyzed. In perchlorate solution the only species for Zn, Cd, and Hg below 
0.1 Mare the MOH' ions, for example, 


Zn”*(aq) + HạO —> ZnOH(aq) + H* (29441. 1) 
For more concentrated cadmium solutions, the principal species is CdạOH”'. 
2 Cd?*(aq) + HO —— Cd;OH*(aq) + H* (29-4.9) 


In the presence of complexing anions (e.g., halide), specles such as 
Cd(OH)CI or CdNO¿š may be obtained. 


Complexes 


AlI of the halide ions except F~ form complex halogeno anions when present In 
excess, but for Zn°" and CdỶ” the formation constants are many orders of mag- 
nitude smaller than those for Hg””. The same applies to complex cations with 
NH; and amines, many of which can be isolated as crystalline salts. 

Zinc dithiocarbamates (Section 14-6) are industrially important as accelera- 
tors in the vulcanization o£rubber by sulfur. Zinc complexes are also Of great Im- 
portance biologically (Section 31-9). Zinc compounds, especially ZnCO; and 
ZnO, are used in ointments, since zinc apparently promotes healing processes. 

By contrast, cadmium compounds are extremely poisonous, possibly be- 
cause of the substitudon of Cd for Zn in an enzyme system, and consequently 
they constitute a serious environmental hazard (e.g., in the neighborhood ofZn 
smelters). 


Divdlen† Mercury Compounds 
Binory Compounds 


Red HgO ¡s formed on gentle pyrolysis of mercury(I) or mercury(II) nitrate, by 
đirect interaction at 300-350 °C, or as red crystals by heating of an alkaline so- 
lution of K,Hgl,. Addition of OH” to aqueous Hg”ˆ gives a yellow precipitate of 
HgO; the yellow form differs from the red only in particle size. 

No hydroxide has been obtained, but the oxide is soluble in water (107~ 
107? mol Lr}), the exact solubility depending on particle size, to give a solution 
of what is commonly assumed to be the hydroxide, although there is no proof 
for such a species. This “hydroxide” is an extremely weak base: 


2+ =1 
-IHg JOH | _Ig.ịg (22-5.1) 
[Hg(OH);] 
and is somewhat amphoteric, though more basic than acidIc. 

Mereury(II) suiƒd¿ (HgS) is precipitated from aqueous solutions as a black, 
highly insoluble compound. The solubility product is 10 ”', but the sulfide is 
somewhat more soluble than this fñigure would imply because of hydrolysis of 
Hg?" and SỀ” ions. The black sulfide is unstabie with respect to a red form iden- 
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tical with the mineral cinnabar and changes into it when heated or digested with 
alkali polysulñdes or mercury(I) chloride. 

Mercwry(HT) fluoride 1s essentially ionic and crystallizes in the fluorite struc- 
ture; it is almost completely đdecomposed even by cold water, as would be ex- 
pected for an ionic compound that is the salt o£ a weak acid and an extremelÌy 
weak base. 

In sharp contrast to the fluoride, the other halides show marked covalent 
character. Äercwzy(1T) chioride crystallizes in an essentially molecular lattice. 
Relative to ionic HgF;, the other halides have very low melúng and boiling 
points, for example, HgCl;, mp 280 °C. They also show marked solubility ín 
many organic solvents. In aqueous solution they exist almost exclusively (~99%) 
as HgX; molecules, but some hydrolysis OCCUFS, the principal equilibrium being, 
for example, 


HgCl; + HạO —> Hg(OH)C] + H* + CL (29-5.2) 


Mercury(I) Oxo Solts 


Among the mercury(I) salts that are essentially ionic and, hence, highly disso- 
ciated in aqueous solution are the nitrate, sulfate, and perchlorate. Because of 
the great weakness of mercury(II) hydroxide, aqueous solutions of these salts 
tend to hydrolyze extensively and must be acidified to be stable. 

In aqueous solutions of Hg(NO.); the main species are Hg(NO,);, HgNOš, and 
Hg”', but at high concentrations of NO; the complex anions [Hg(NO;¿); ¿]””” are 
formed. 

Mercwry(II) carboxylafes, especially the acetate and the trifluoroacetate, are of 
considerable importance because of their utility in attacking unsaturated hydro- 
carbons (Section 29-6). These compounds are made by dissolving HgÕ in the 
hot acid and crystallizing. The triluoroacetate is also soluble in benzene, ace- 
tone, and THE, which increases its utlity, while the acetate ¡s soluble in water and 
alcohols. 

Mercury(II) ions catalyze a number of reactions of complex compounds 
such as the aquatlon of [CF@MEI.)ØX]2': Bridged transition states, for example, 


[(H;O);CrCI]?† + Hg?* = [(H;O);Cr—CI—Hg]** (22-5.3) 


are believed to be involved. 

The silver ion is similarly able to accelerate the rates öf substitution of haÌo 
and other ligands. In both cases, the catalysis arises because Hg”" or Ag” is able 
to enhance the breaking of the bond to the leaving group in what would other- 
wise be a slow, dissociative (D or lạ in the terminology of Section 6-5) mecha- 
nism. 


Mercury(II) Complexes 


9+ + Bà . * 
The Hg”” ion forms many strong complexes. The characteristic coordination 
numbers and stereochemical arrangements are two-coordinate (mzz) and four- 
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coordinate (/erahedral). Octahedral coordination is less common; a few three- 
and fve-coordinate complexes are also known. There appears to be considerable 
covalent character in the mercury-ligand bonds, especially in the two-coordinate 
compounds. 

In additdion to halide or pseudohalide complex ions, such as [HgCl,]”” or 
[Hg(CN)¿]””, there are cationic species, sụch as [Hg(NH;)„]?* and [Hg(en);]Ÿ". 

There are also a number of novel compounds in whiịch —Hg—— or —HgX 1s 
bound to a transition metal. Some of these compounds may be obtained by re- 
action o£ HgCl; with carbonylate anions (Section 28-9), for example, 


2 Na*Co(CO)z + HgCl, = 2 NaCl + (CO)„Co—Hg—Co(CO)„ (22-5.4) 


Mercury(H) also forms many compounds with PR; ligands. The compounds 
HgX›(PR;) and HgX;(PR;); are examples, and are either dimeric or polymeric 
with halide bridges. 

With thiols, one obtains the well-known neutral thiolates, Hg(SR);, and thi- 
olate anions such as [Hg(SCẠ¿H;);]” and [Hg;(SCH;)¿]”. In fact, the name 
“mercaptans” for thiols (RSH) originated from the high affinity of mercury for 
sulfur. The neutral thiolates are most commonly linear [e.g., Hg(SCH;); and 
Hg(SG;H;);], although there are often secondary bonding interactions in the 
solid state between sulfur and mercury. That is, a third or fourth thiolate ligand 
1s found near enough to a given mercury atom to be considered to be within the 
van der Waals distance but not so close as to be regarded as covalently bonded. 
The 1:1 mercury(II) thiolates such as [Hg(S--Pr)Cl]„ are chain polymers with 
thiolate bridges, as is the neutral 2:1 compound [Hg(S-¿-Bu)z]. 

Anionic trithiolates, [Hg(SR);]", and tetrathiolates, [Hg(SR)„]?”, are also 
known. Some examples are [Hg(SG¿H;);]”, Structure 22-l, and [Hga(SCH;)¿]”, 
Structure 22-II. Of the four-coordinate thiolates, only three have mononuclear, 
distorted tetrahedral geometries. One example is [Hg(/-SCgH,Cl)„]””. The rest 
are at least dimeric, and sometimes polymeric, with sulfur atom bridges. 


120 
©¿H;S xi về SQG¿H; 


"`. 
137° | 103° 


SG¿H; 
221 
CH:S Ti, SGCH; 
ng . vn 
1ö CH. c 


498 Chopler22 /  7inc, Codmium, and Mercury 


STUDY GUIDE 


Study Questions 


A. Review 


1. 


0œ 1196 nh 


Give the electronic structures of Zn, Cd, and Hg, and explain their position in the 
periodic table. 


What are the electron configurations of the 2+ catlons of Zn, Cd, and Hg? 

Write balanced equations for the action on Zn of (a) 3 Xí HCI and (b) 3 M KOH. 
Describe the interaction of Hg and O; and the properties of HgO. 

What are the electron configurations of the ]+ cations? 

What factors alter the ease of đisproportionation of Hg”? 

Why do the hydroxide, oxide, or sulfide of Hg' not ©xIst? 

Draw the structures of rutile, fluorite, and zinc blende. 

What is the nature of HgCl; in solution and in the solid state? 


B. Addilondl Exercises 


Jb 


Suggest the reason, in thermodynamic terms, why the sign of AG for the following re- 
action changes (from - to +) at about 400 °C 


Hg() + Oz(g) —> HgO(s) 
Why is it that when Hg is oxidized with an excess of oxidant only Hg” is formed, yet 
when an excess of Hg is present during the oxidation, only HgÌ is formed? 
By what methods can it be proved that the mercurous (mercury(T)) ion 1s the dimer 
Hg?" in soludon? 
The zinc and cadmium dithiocarbamates are dimeric [M(S;CNR,);];. Draw a plausi- 
ble structure. 
Write balanced equations for 
(a) The disproportionation o£ mercury(I) hydroxide. 
(b) The hydrolysis of Hg” fluoride. 
(c) The hydrolysis of zinc nitrate. 
(đ) Thermal decomposition of mercury(TI) oxide. 
Calculate AG” for Reaction 22-3.4. 


`. 


C. Questions from the Literoture of Inorganic Chemistry 


1. 


Based on the information concerning mercury(I) thiolate complexes presented by 
T. V. O"Halloran et al. (J. G. Wright, M. J. Natan, F.M. MacDonnell, D. M. Ralston, 
and 1T. V. O*Halloran, “Mercury(II)-Thiolate Chemistry and the Mechanism of Heavy 
Metal Biosensor MerR,”in Progress in Inorganic Chemisiry, VOI. 38, 'Wiley-Intersclence, 
New York, 1990, 323, summarize the structural facts for the various Hg”-thiolate com- 
plexes. 


-_TWo types of chloromercurate anions were found in the compounds reported by T. 


J- Kistenmacher, M. Rossi, C. C. Chiang, R. P. Van Duyne, and A. R. Siedle, “Crystal 

and Molecular Structure of an Unusual Salt formed from the Radical Cation of 

Tetrathiofulvalene (LTTF) and the Trichloromercurate Anion (HgG];), 

(TTE) (HẸCI;),” nơrg. Chzm., 1980, 19, 3604-3608. 

(a) What are the coordination geometries at Hg” in the two types of halo-bridged 
lons reported in this article? 
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(b) What two types of chlorine atoms are there in these two ions, based on the 
Hg—CI bond lengths? ˆ 


(c) What are the relative numbers of terminal and bridging chlorine atoms in each 
1on reported here? 


(d) If Hg;CIỆ” ¡s described as an edge-sharing bitetrahedron, how might the sharing 
between adjacent units in polymeric (HgCls)„ be described? 
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Introduction 


As we noted in Section 8-19, the transition elements are often defined as those 
which, øs elemens, have partly filled đ or ƒshells. For practical purposes, however, 
we shall consider as transition elements all those elements that have partly filled 
đ or ƒshells in any of their important compounds as well. Thus we include the 
coinage metals, Cu, Ag, and Âu. l 

The transition elements are all metals, mostly hard strong ones that conduct 
heat and electricity well. They form many colored and paramagnetic compounds 
because of their partially fñilled shells. 

In this part of the book we treat them in detail, beginning here with an ac- 
count of their electronic structures, spectra, magnetic properdies, and some 
other related matters. We then deal with the đ-block elements, that 1s, those in 
which the pardially filled shells are the 3đ, 4d, or 5đ shells. We shall then turn to 
the iawthan¿dss, in which the 4ƒshell is partially fñled, and, finally, the 2e/id4s, 
in which the 5/shell is partially filled. 


Ligand Field Theory 


The term ijgznd field theory refers to an entire body of theoretical apparatus used 
to understand the bonding and associated electronic (magnetic, spectroscopIc, 
etc.) properties of complexes and other compounds formed by the transition 
elerments. 

There is nothing fundamentally different about the bonding in transition 
metal compounds as compared with that in compounds of the main group ele- 
ments. All the usual forms of valence theory that are applied to the main group 
elements can be successfully applied to the transition elements. In general, the 
MO method applied to the transiion metal compounds gives valid and useful re- 
sults, the more so as the level ofapproximation is raised, just as in alÏ other cases. 

There are, however, two things that set the study of the electronic structures 
of transition metal compounds apart from the remaining body ofvalence theory. 
One is the presence of partly ñlled đ and ƒshells. This leads to experimental ob- 
servations not possible in most other cases: paramagnetism, visible absorption 
spectra, and apparently irregular variatior:s in thermodynamic and structural 
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properties. The second ¡s that there ¡is a crude but effective approximation, 
called erysfal fizld theøry, that provides a powerful yet simple method of under- 
standing and correlating all of those properties that arise primarily from the 
presence of the partly filled shells. 

The crystal fñield theory provides a way of determining, by simple electro- 
static considerations, how the energies of the metal ion orbitals will be affected 
by the set of surrounding atoms or ligands. It works best when the symmetry is 
high but, with addidonal effort, can be applied more generally. Crystal field the- 
Ory is a 7nođz/ and not a realistic description of the forces actually at work. 
However, its simplicity and convenience have earned it a place in the coordina- 
tion chemist”s “toolbox.” 

In the immediately following sections the crystal field theory is described 
and ïllustrated. Then the more complete MO method is outlined. After that, the 
clectronic properties o transition metal complexes are discussed in terms of the 
“orbital splittings,” which the crystal field theory enables us to work out relatively 
easily. 

Our attention will be confined entirely to the đ-block elements, and will be 
focused primarily on those of the 3đ series. This is where the crystal field theory 
works best. The splittings of ƒorbitals are generally so small that they are not 
chemically important. 


The Crysidl Field Approach 


Let us consider a metal ion (M””) lying at the center ofan octahedral set of point 
charges, as is shown in Fig. 23-1. Let us suppose that this metal ion has a single 
ở electron outside o£ closed shells; such an ion might be Ti?! or V', In the free 
ion, this đ electron would have had equal probability of being ïn any one of the 
five đ orbitals, since all are equivalent. Now, however, the đ orbitals are not all 
equivalent. Some are concentrated in regions of space closer to the negative ions 
than are others, and the electron will obviously prefer to occupy the orbital(s) in 
which it can get as far as possible from the negative charges. Recalling the shapes 


Figure 23-Ï ^ skctch showing six negative 
charges arranged octahedrally around a central 
M”” ion, with a set of Cartesian axes for refer- 


cnce. 


23-3. The Cyrstol Field Approach 505 


of the đ orbitals (Fig. 2-6) and comparing them with Fig. 23-1, we see that both 
the đ,s and đ,s_,z orbitals have lobes that are heavily concentrated in the VICITItY 
Of the charges, whereas the đ.„ đ,„ and d., orbitals have lobes that project be- 
tween the charges. This ¡s illustrated in Fig. 23-2. It can also be seen that each of 
the three orbitals in the latter group, namely, đ.v đ„. d„ 1s equally favorable for 
the electron; these three orbitals have entirely equivalent environments in the 
octahedral complex. The two relatively unfavorable orbitals, đ.s and địa zj2jane 
also equivalent; this is not obvious from inspection of Fig. 23-2, but Fig. 23-3 
shows why it 1s so. As indicated, the đ,» orbital can be resolved into a inear com- 
bination of two orbitals, đ2_ „2 and đ,s_„s, each of which is obviously equivalent 
to the d,3_„s orbital. It is to be stressed, however, that these two orbitals do not 
have separate-existences, and the resolution of the đ.z orbital in this way 1s only 
a device to persuade the reader Ø/cføriaij that đ,› 1s equivalent to đ,2_.2 in rela- 
tion to the octahedral distribution o£ charges. 

Thus, in the octahedral environment of six negative charges, the metal ion 
now has two kinds of đ orbitals: Three of one kind, equivalent to one another 
and labeled E>„, and two ofanother kind, equivalent to each other, labeled ẨM IHW= 
thermore, the ø„orbitals are of higher energy than the /;„orbitals. These results 
may be expressed in an energy-level diagram as shown In Flg. 23-4(2). 

In Eig. 23-4(a) It will be seen that we have designated the energy difference 
between the ø„ and the í¿„ orbitals as A,„ where the subscript o stands for octa- 
hedral. The additonal feature of Fig. 23-4(z)—the indication that the ø levels 
lie š A¿ above and the ứ;„ levels lie š A,„ below the energy of the unsplit đ or- 
bitals—will now be explained. Let us suppose that a cation containing ten đ elec- 
- trons, two in each of the đorbitals, is fñirst placed at the center o£a hollow sphere 
whose radius ¡is equal to the M to X internuclear distance and that charge of total 


X" 
| 
đựy dyz đzx 


Figure 23-2  Sketches showing the distribution of electron density in the five đ or- 
bitals, and their orientation with respect to the set of six octahedrally arranged negative 
charges of Fig. 23-1. 
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Figure 23-3 Sketches of the đ,2 „› and the đ.2_„2 orbitals that are usually combined to make 
the đz2 orbital. 


quantity 6zis spread uniformly over the sphere. In this spherically symmetric en- 
vironment the ở orbitals are sưill fivefold degenerate. The energy of all orbitals 
15, Of course, greatly raised when the charged sphere encloses the ion. The en- 
tire energy of the system, that is, the metal ion and the charged sphere, has a de£ 
inite value. Now suppose the total charge on the sphere is caused to collect into 
Six discrete point charges, each of magnitude s, and each lying at a vertex of an 
octahedron but still on the surface of the sphere. Merely redistributing the neg- 
ative charge over the surface of the sphere in this manner cannot alter the total 
€nergy of the system when the metal ion consists entirely of spherically symmet- 
rical electron shells, and yet we have already seen that, as a result of this redis- 
tribution, electrons in ¿„ orbitals now have higher energies than those in /;„ or- 
bitals. It must therefore be that the total increase in energy of the four ø„ 
electrons equals the total decrease in energy of the sỉx í;„ electrons. This then 
Implies that the rise in the energy of the đ„ orbitals is' times the drop in energy 
of the /;„ orbitals, which is equivalent to the $:‡ ratio shown. 


Figure 23-4 Energylcvcl diagrams showing the splitting of a set of đ orbitals (degenerate in the 
uncoordinated ion at the center of the diagram) by octahedral and tetrahedral crystal ñelds. (a) 
The splitting caused by octahedral coordination of six ligands. (ø) The splitting caused by tetrahe- 
dral coordination of four ligands. Brackets, } or {, designate orbitals that are degenerate. 
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Thịs pattern of splitting, in which the algebraic sum of all energy shifts of all 
Oorbitals is zero, is said to “préserve the center of gravity” of the set of levels. This 
center of gravity rule is quite general for any spliting pattern when the forces 
are purely electrostatic and where the set of levels being split is well removed in 
cnergy from all other sets with which they might be able to interact. 

By an analogous line of reasoning it can be shown that the electrostatic field 
of four charges surrounding an ion at the vertices of a tetrahedron causes the đ 
shell to split up, as shown in Eig. 23-4(ð). In this case the đ.„„ đ„, and đ,„ orbitals 
are less stable than the đz and đ,3_.2 orbitals. This may be appreciated qualita- 
tively if the spatial properties of the đ orbitals are considered with regard to the 
tetrahedral array of four negative charges, as depicted in Fig. 23-5. If the cation, 
the anions, and the cation-anion distance are the same In both the octahedral 
and tetrahedral cases, it can be shown that 


A,= Š ` 


Since the pure electrostatic crystal field model is not quantitatively precise, the 
factor four ninths need not be taken literally. Rather, the practical interpretation 
Of this result 1s that, other things being about equal, the crystal field splitting in 
a tetrahedral complex will be about one-half the magnitude of that in an octa- 
hedral complex. 

These results have been derived on the assumption that ionic ligands, such as 
F~, CI, or CN”, may be represented by point negative charges. Ligands that are 
neutral, however, are dipolar (e.g., Structures 23-I and 23-H), and they approach 


É HỀ* ..a 
3°~:N—HỲ? ĐO 
mm _c. 
23-I 23-I 


Figure 23-5 A sketch showing the tetrahc- 
dral arrangement of four negative charges 
around a cation, M””, with the Cartesian coor- 
đinate system oriented to identify the positions 
of the đ orbitals. 
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the metal lon with their negative poles. Actually, in the field of the positive metal 
lon, such ligands are further polarized. Thus, in a complex such as a hexaam- 
mine, the metal ion 1s surrounded by six dipoles with their negative ends closest; 
this array has the same general effects on the đ orbitals as an array Of sIx anIons, 
so that all of the above results are valid for complexes containing neutral, dipo- 
lar hgands. 

W© next consider the pattern of splitting of the đ orbitals In tetragonally dis- 
torted octahedral complexes and in planar complexes. We begin with an octa- 
hedral complex (MX,) from which we slowly withdraw two trans ligands. Let 
these be the two on the z axis. As soon as the distance from M”” to these two li- 
gands becomes greater than the distance to the other four, new energy differ- 
ences among the đ orbitals arise. First, the degeneracy of the ¿„ orbitals is lifted, 
the zˆ orbital becoming more stable than the (x?— y') orbital. This occurs be- 
cause the ligands on the zaxis exert a mụch more direct repulsive effect on a đs 
clectron than upon a đ,s_.2 electron. At the same time the threefold degeneracy 
O£ the í¿„ orbitals 1s lifted. As the ligands on the z axis move away, the yz and zx 
orbitals remain equtvalent to one another, but they become more stable than the 
xy orbital because their spatial distributon makes them more sensitive to the 
charges along the zaxis than is the xy orbital. Thus for a small tetragonal distor- 
tion of the type considered, we may draw the energy-level diagram shown in Fig. 
23-6. It should be obvious that for the opposite type of tetragonal distortion, that 
1s, one in which two trans ligands lie closer to the metal ion than the other four, 
the relative energies of the split components will be inverted. 

As Elg. 23-6 shows, it is In general øøss¿ for the tetragonal distortion to be- 
come so large that the z orbital eventually drops below the xy orbital. Whether 
this will actually happen for any particular case, even when the two trans ligands 
are completely removed so that we have the limiting case of a square, four-coor- 
đinated complex, depends on quantitative properties of the metal ion and the 


Figure 23-6 An cncrgy-level diagram showing the further splitting of the đ orbitals as an 
octahedral array of ligands becomes distorted by Progressive withdrawal of two trans lig- 
ands along the z axis. Brackets, } or {, designate orbitals that are degenerate. 
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ligands concerned. Semiquantitative calculations with parameters appropriate 
for square complexes of Co”, NỈ”, and Cu” lead to the energy-level diagram 
shown in Fig. 23-7, in which the zŸ orbital has dropped so far below the xy orbital 
that it is nearly as stable as the (yz, zx) pair. As Fig. 23-6 indicates, the đ.z level 
might even drop below the (đ,., đ„) levels and, in fact, experimental results sug- 
gest that in some cases (e.g., PtCIƒ”) it does. 


The Moleculdr Orbital Approqach 


The electrostatic crystal feld theory is the simplest model that can account for 
the fact that the đ orbitals split up into subsets in ligand environments. It is, of 
course, a physically unrealistic model in certain ways, and it is also incomplete as 
a treatment of metal-ligand bonding, since it deals only with the đorbitals. It is 
possible to treat the electronic structures of complexes from a MO point Of view. 
Thịs 1s more general, more complete, and potentially more accurate. It includes 
the crystal field model as a special case. 

First, let us consider an octahedral complex M%s, in which each ligand X has 
only a sigma orbital, đirected toward the metal atom, and no 7Ø orbitals. The six 
Ø orbitals of the ligands are designated Ø,„ and Ơ_„ (from those ligands along the 
 axis), Ø, and Ø_„ (from those ligands along the y axis), and Ø, and Ø_„ (from the 
ligands along the zaxis). These six orbitals can be combined to make six distinct 
linear combinations, or ligand grøw# ørb#als, as shown In Eig. 23-8. Each ligand 
group orbital (Xin Eig. 23-8) has a symmetry that 1s proper for overlap with only 
one of the metal s, ø, or đ orbitals. Each such overlap between one of the six li- 
gand group orbitals and a metal valence orbital results in the formatlon o£ a 
bonding MO and an antibonding MO, according to the general principles of 
MO theory, as described in Chapter 3. Figure 23-9 gives an energy-level diagram 
that shows the formation of these bonding and anti-bonding MO”s. Three of the 
đ orbitals of the metal (đ,„, đ,„, and đ,) are nonbonding, having zero overlap 


M=Coll Ni cụ 


Figure 23-7 The corrcspondence between the energy-level diagrams of octa- 
hedral ML¿ and square planar ML„ complexes of some metal ions in the ñrst 
transition series. 
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with cach o£ the ligand group orbitals. These triply degenerate, nonbonding đ 
orbitals are designated the /¿„ set in Fig. 23-9. 

The three MO's (bonding or antibonding) derived from the ø orbitals have 
the same energy (they are degenerate), and are denoted ¡„ (or /¡š). Similarly, 
the two MO's derived from the đ.s and đ,z_,2 orbitals are degenerate and are de- 
noted ø„ (or LIi ). The s orbital forms MO”s denoted ứ„Or đÿ>. IÝ cach of the lị- 
gand Ø orbitals originally contained an electron pair (which is the only situation 
of practical interest), these six electron pairs will then be found in the six (three 
ñ„y (WO #„, ø„) Ø-bonding orbitals of the complex, as is also shown in Fig. 23-9. 

Ít is evident that the MÔ discussion has lead to a result qualitatively the same 
as that from the crystal field theory with regard to the metal đ orbitals: They are 
split into a set of two z7, and a set of three /;„ orbitals, with the former having a 
higher energy than the latter. The MO picture also shows explicitly how the main 
binding energy of the complex arises, namely, by the formation of six two-elec- 
tron bonds. The main difference between the MO and the crystal field results is 
that the ¿7 orbitals, as they are obtained in the MO treatment, are no ure rmelal 
đ orbitah. 
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Figure 23-9 The MO energy-level diagram that arises from the Ø-type MO's of Fig. 
23-8. This diagram generally applies to an ML¿ complex with no 7 bonding. 
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đạx T1z; = ‡Í px(1) — px() + p;(3) — p; (4)| 


Figure 23-10. At the right is a ligand group orbital II,. constructed by linear combi- 
nation of ligand ø orbitals and oriented to have opdimum overlap with the metal đ,. or- 
bital shown at the left. Analogous ligand group orbitals (IHI,,and II) overlap with the 
metal đ.„ and đ,„ orbitals, respectively. 


We can generalize the MO treatment by supposing that the ligand atoms also 
PoSsess 7 orbitals. Such 7 orbitals can overlap with the đ„„ đ„„ and đ,.orbitals, as 
1s ilustrated for the đ,, orbital in Fig. 23-10. Thus, instead of only one set of lên 
molecular orbitals, which are pure đ orbitals, there will now be two sets. The po- 
Siions of these sets oỂ /z„ and /z„ orbitals in the MO energy-level diagram is quite 
variable depending on the nature of the ligand 7£ orbitals. One case of rather 
general importance arises when the ligand 1 orbitals are empty and of higher en- 
ergy than the metal đ orbitals. Ligands that provide this situation include (1) 
phosphines, where the empty 7 orbitals are phosphorus 3đ orbitals, and (2) CN” 
and CO, where the empty £ orbitals are antibonding ø* orbitals. 

The mteraction of the high-energy ligand 7œ orbitals with the metal f2 „ OT- 
bitals results in đepressing the latter and thus increasing the separation between 
the /z„and ¿7 orbitals, as shown in Fig. 23-11. 

From the MO point of view, we see that a number of factors influence the 
ligand field splitting of the metal “ở orbitals” and, further, that the “ở orbitals” of 
crystal field theory are actually not pure đorbitals. It is remarkable, however, that 
the simple crystal field model is nevertheless a useful, qualitative working tool. 
In practice we do not try to use it to make quantitative predictions; that is, we do 
not try to calculate Á, (or Á, or any other đorbital splitting) from theory. Instead 
we derive these splittings from electronic spectra and use only the qualitative fea- 
tures of the đ-orbital splitting patterns as given by crystal field theory. 


Magnetic Properties of Transilion Metal Compounds 


One of the most useful applications of ligand field theory—whether in the sim- 
ple electrostatic (crystal fñield) form or in a more sophisticated form—is to un- 
đerstand and correlate the magnetic properties of transidion metal complexes. 
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Figure 23-TTÏ An cnergy-level diagram 
showing how 7 bonding such as that shown in 
Eig. 23-10 increases the value of A. 


The magnetic properties of these compounds are important because, when 
properly interpreted, they are very useful in identifing and characterizing them. 

The most basic question to ask concerning any paramagnetic ion is: How 
many trnpaired electrons are present? We now see how this question may be han- 
dled in terms of the orbital splittings described in the preceding sections. We 
have already noted (Section 2-6) that according to Hund's first rule, i a group 
Of # or fewer electrons (say #) occupy a set of ø degenerate orbitals, they will 
spread themselves out among the orbitals and give z“unpaired spins. This is true 
because pairing of electrons 1s an unfavorable process; energy must be expended 
to make it occur. If two electrons are not only to have their spins paired but also 
to be placed in the same orbital, there is a further unfavorable energy contribu- 
tion because of the increased electrostatic repulsion between electrons that are 
compelled to occupy the same regions o£space. Let us suppose now that in some 
hypothetical molecule we have two orbitals separated by an energy AE and that 
two electrons are to occupy these orbitals. By referring to Eig. 23-12, we see that 
when we place one electron in each orbital, their spins will remain uncoupled 
and their combined energy will be (2E + AE). If we place both o£ them in the 
lower orbital, their spins wïill have to be coupled to satisfy the exclusion princr- 
ple, and the total energy will be (2Eo + P), where P stands for the energy re- 
quired to cause pairing of two electrons in the same orbital. Thus, whether th1s 


(a) (b)- 


Figure 23-12 A hypothetical two-orbital sys- 
tem, showing the two possible distributions of 

two electrons. The resulting total energies are 

as shown.  “”” 
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system will have distribution (2) or (ð) for its ground state depends on whether 
AE 1s greater or less than ?. 


Octahedrdl Complexes 


An argument of this type can be applied to octahedral complexes, using the 
đ-orbital spliting diagram previously deduced. As is indicated in Eig. 23-13, we 
may place one, two, or three electrons in the đ orbitals without any possible un- 
certainty about how they will occupy the orbitals. They will follow Hund”s first 
rule and enter the more stable ứ¿„orbitals with their spins all parallel, regardless 
of the strength of the crystal field (as measured by the magnitude of A,). 
Furthermore, for lons with eight, nine, and ten đ electrons, there 1s onÌy one pos- 
sible way in which the orbitals may be occupied to give the lowest energy, as 
shown in Eig. 23-13. For each of the remaining conñgurations, 3Ý, đ”, đ°, and đ”, 
fwo possIbilities exist, and the questlon of which one represents the ground state 
can be answered only by comparing the values o£ Á, and ? an average pairing 
energy. The two configurations for each case, together with simpÌle expressions 
for their energies, are set out in Eig. 23-14. The configurations with the maxi- 
mum possible number of unpaired electrons are called the #øh-søZn configura- 


Figure 23-]3 - Sketchcs showing the unique ground-state 
electron configurations for đ orbitals in octahedral fñelds with 
the đconñgurations đ!, đ°, đ°, đ°, d9, and đ!9, 
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Figure 23-]4  Diagram:s showing the two possibilities (high spin and low spin) for the 
ground-state electron configurations of đ', đ”, đ°, and đ” ions in octahedral fields. Also 
shown is the notation for writing out the configurations and expressions for their ener- 
gies, derived as explained in the text. 


tlons, and those with the minimum number of unpaired spins are called the /ow- 
suữn OL sỹinÐaired configurations. These configuratlons can be written out in a 
nofation similar to that used for electron configurations of free atoms, whereby 
we list each occupied orbital or set o£ orbitals, using a right superscript to show 
the number of electrons present. For example, the ground state for a đỶ ion in 
an octahedral field is /3„; the two possible states for a đ” ion in an octahedral 
field are /šand ¿š„ e2. Thịs notation is further illustrated in Eig. 23-14. The en- 
ergies are referred to the energy of the unsplit configuration (the energy of the 
lon in a spherical shell of the same total charge) and are simply the sums of 
—$ A, for cach lạ„ electron, +šA, for each 6> electron, and P for every palr of elec- 
trons occupying the same orbital. 

For each of the four cases where high- and low-spin states are possible, we 
may obtain from the equations for the energies, which are given in Fig. 23-13, 
the following expression for the relation between A, and P at which the high- 
and low-spin states have equal energies. 


> 
II 
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The relationship is the same in all cases, and means that the spin state of any ion 
in an octahedral electrostatic field depends simply on whether the magnitude o£ 
the field, as measured by the splitting energy A,„ 1s greater or less than the mean 
pairing energy P for the particular ion. For a particular lon of the j.óá, d°,or 
đ” type, the stronger the crystal field, the more likely it is that the electrons will 
crowd as much as possible Into the more stable đạ„ orbitals, whereas in the weaker 
crystal fñelds, where P> A,„ the electrons will remain spread out over the entire 
set Of đ orbitals as they do in the free ion. For i1ons of the other types, T2 BE 
đề, đ°, and đ'°, the number of unpaired electrons is fixed at the same number as 
in the free ion irrespective of how strong the crystal field may become. 

Approximate theoretical estimates of the mean palring energies for the rel- 
evant Ions of the first transition series have been made from spectroscopic data. 
In Table 23-I these energies, along with A,, values for some cọmplexes (derived 
by methods to be described in Section 23-6), are listed. It is seen that this theory 
affords correct predictions in all cases. We note further that the mean pairing en- 
©rgies vary irregularlÌy from one metal ion to another, as do the values of A,„ for 
a given set of ligands. Thus, as Table 23-1 shows, the đ” systems should be ex- 
ceptionally stable in their high-spin states, whereas the đ systems should be ex- 
ceptonally stable in their low-spin states. These expectations are in excellent 
agreement with the experimental facts. 


Tetrahedrdl Complexes 


Metal ions in tetrahedral electrostatic fields may be treated by the same proce- 
dure oudined previously for the octahedral cases. For tetrahedral fields it is 
found that for the đ!, đÊ, 4”, đ®, and đ cases only high-spin states are possible, 
whereas for đŸ, 4°, đ”, and đŠ configurations both high-spin and low-spin states 
are in principle possible. Once again the existence of low-spin states requires 
that A, > # Since A,values are only about one half as great as A,, values, it is to be 
expccted that low-spin tetrahedral complexes of first transition series ions with 
đẺ, đ*, đ”, and đ® confgurations will be extremely rare, and that is the case. 


Table 23-Ï Crystal Field Splittings, A,, and Mean Electron-Pairing 
Energies, , for Several Transition Metal lons (Energies in cm") 


"“= =Ầ_ïỶẳ--... ....ẽc  . ..ẽĐ............................. 


Spin State 
Configuration lon Hỗ Ligands A» Predicted Observed 
—————————-——_—..Ẻ. _.... U27 
ử Cr?* 23,500 6 H;O 13,900 High High 
Mn”" 28,000 H | 
í n k 6 HO 21,000 Hiíph . High 
d Mn”* 25,500 6 H;O 7,800 High High 
Fe?! 30,000 6 H;O 13,700 Hiph High 
đ9 Fe*' 17,6 Ï Ì 
s ,000 6 H;:O 10,400 High Hiph 
: 6€CN- 33,000 Low Low 
Co”” 21,000 6E” 13,000 High High 
: ` 6NH; 23,000 Low Low 
LÚ Co 22,500 6 HO 9,300 High High 


—————————————— / j.. ...... 
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Squœre œnd Tetragondlly Distorted Octahedrdl Complexes 


The square and tetragonally distorted octahedral complexes must be considered 
together because, as we noted previously, they merge into one another. 

Even when the strictly octahedral environment does not permit the exis- 
tence of a low-spin state, as in the đŸ case, distortions of the octahedron will 
cause further splitting of degenerate orbitals that may become great enough to 
Overcome pairing energies and cause electron pairing. Let us consider as an ex- 
ample the đŸ system in an octahedral environment that is then subjected to a 
tetragonal distortion. We have already seen (Fig. 23-6) how a decrease in the 
electrostatic field along the z axis may arise, by either moving the two zaxis li- 
gands out to a greater distance than their otherwise identical neighbors in the 
xy plane, or by having two different ligands on the z axis that make an intrinsi- 
cally smaller contribution to the electrostatic potential than the four in the xy 
plane. Irrespective o£its origin, the result ofa tetragonal distortion of an initially 
octahedral field ¡s to split apart the (x“—y”) and z?orbitals. We have also seen that 
1ƒ the tetragonal distortion, that is, the disparity between the contributions to the 
electrostatic potential of the two z axis ligands and the other four, becomes suÊ- 
ficiently great, the z orbital may fall below the xy orbital. In either case, the two 
least stable đ orbitals are now no longer degenerate but are separated by some 
energy Q. Now the question of whether the tetragonally distorted đŸ complex 
wIll have high- or low-spin debends on whether the pairing energy Pis greater or 
less than the energy Q. Figure 23-15(z) shows the situation for the case of a 
“weak” tetragonal distortion, that is, for one in which the second highest đ or- 
bital 1s sull đ:. 

Figure 23-15(0) shows a possible arrangement of levels for a stronglÌy tetrag- 
onally distorted octahedron, or for the extreme case ofa square, four-coordinate 


Figure 23-15  Encrgy-level diagrams showing the possible high- 
spin and low-spin ground states for a đŸ system (e.g., NỈ”) in a 
tetragonally distorted octahedral field. (z) High-spin and low-spin 
possibilities for a weakly distorted system. () The low-spin result 
for a strongly distorted, or square complex. 
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complex (compared with Eig. 23-7), and the low-spin form of occupancy of these 
levels for a đ” ion. In this case, due to the large separation between the highest 
and second highest orbitals, the high-spin configuration is impossible to attain 
considering the pairing energies of the real đŸ ions, e.g., Rh!, Ir, Ni”, Pd”, Pt', 
and Au”", which normally occur. All square complexes of these species are dia- 
magnetc. Similarly, for a đ” ion in a square complex, as exemplified by certain 
Co” complexes, only the low-spin state with one unpaired electron should occur, 
and this ¡is in accord with observation. 


Other Forms of Magnetic Behovior 


W© have Just indicated how the number of unpaired electrons on a transition 
metal lon in a complex, or other compound, can be understood in terms of the 
đorbital splhiting. The experimental method for determining the number ofun- 
paired electrons has been discussed in Section 2-8; it is based on measuring the 
magnetic susceptibility o£ the substance. Here we must point out that certain ad- 
ditdonal factors must be considered ín attempting to relate the magnetic mo- 
ments ofindividual ions with the measured suscepubilitdes of bulk compounds. 

Diưmagnetism (whích was briefly mentioned in Section 2-8) is a property of 
all forms of matter. All substances contain at least some ïf not all electrons in 
closed shells. In closed shells there is no net angular momentum, since the spin 
momenta cancel cach other and so do the orbital momenta, and no net mag- 
netic moment can result. However, when a substance is placed in a magnetic 
field, the closed shells are affected in such a way that the orbitals are all tipped 
and a small, net magnetic moment is set up in opposition to the applied field. 
Thịs is called diamagnetism, and because the small induced moment is opposed 
to the applied field, the substance ¡s repelled. In a substance that has no un- 
paired electrons, this will be the only response to the field. The substance will 
tend to move away from the strongest part of the field, and it is said to be dia- 
magneuc. The susceptibility of a diamagnetic substance is negative and is inde- 
pendent of field strength and of temperature. ` 

[t is Important to realize that even a substance that does have unpaired elec- 
trons also has diamagnetism because of whatever closed shells of electrons are 
also present. Thus the positive susceptibility measured is less than that expected 
for the unpaired electrons alone, because the diamagnetism partially cancels the 
paramagnetism. This is a small effect, typically anounting to less than 10% of the 
truc paramagnetism, but in accurate work a correction for it must be applied. 

Paramagnetism has already been discussed in Section 9-8. Simple paramag- 
netsm occurs when the individual ions having the unpaired electrons are far 
enough apart to behave independently of one another. Curie's law (Eq. 2-8.1) is 
thus followed. The magnetic moment obtained can be directly, with allowance 
for smnall contributons (positive or negative) from orbital motion, Interpreted in 
terms of the number of unpaired electrons. 

Ferromagnetism and antiførromagnefism occur in substances where the individ- 
ual paramagnetic atoms or ions are close together and each one is strongly in- 
fluenced by the orientation of the magnetic moments of its neighbors. In ferro- 
magnetism (so-called because it is Very conspicuous in metallic iron) the 
Interaction is such as to cause all moments to tend to point in the same direc- 
tion. Thịis enormously enhances the magnitude of the susceptibility of the sub- 
stance as compared with what it would be if all the individual moments behaved 
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Magnetic susceptibility———‡> 


Temperature——+> 
Figure 23-ló  Magnetic susceptibility versus 
temperature plots for (2) a simple paramagnetic 
(Curie law) substance, () a ferromagnetic sub- 
stance, and (¿) an antiferromagnetic substance. 
The Curie temperatures are denoted by 7` in 
() and (©). For antiferromagnetism, the Curie 
poïnt is also often called the Néel temperature. 


independently. Ferromagnetism is generally found in the transition metals, and 
also in some of their compounds. 

Antferromagnetism occurs when the nature of the Interaction between 
neighboring paramagnetic ions 1s such as to favor Opposite orientations of their 
magnetic moments, thus causing partial cancellation. Antiferromagnetic sub- 
stances thus have magnetic susceptibilities less than those expected for an array 
of independent magnetic ions. Ít occurs quite often among simple salts of ions, 
such as Mn”*, Fe?", and Gd”", which have large intrinsic magnetic moments. The 
antiferromagnetic coupling involves interaction through the anions lying be- 
tween the metal atoms in the crystal, and disappears in dilute solutions. 

Ferro- or antiferromagnetic behavior causes deviations from the Curle law, 
as shown in Fig. 23-16. In each case there is a temperature at which the temper- 
ature dependence of the susceptibility changes abruptly. Thịs is the Curie tem- 
perature (7.), which is a characteristic property of the substance. Above T., the 
behavior is similar to that of the Curie law. Below 7t, the susceptibility either 
rises (ferromagnetism) or falls (antiferrormagnetism) in a manner quite differ- 
ent from that implied by the Curie law. At the Curie temperature the effect of 
thermal energy in tending to randomize the individual spin orientatlons begins 
to get the upper hand over the ferro- or antferromagnetic coupling interac- 
tions. 


Elec†ronic Absorption Spec†roscopy 
lons with a Single ở Eleciron 


The simplest possible case of an ion with a single đ electron is an ion with a d1 
configuration, lying at the center of an octahedral field, for example, the j ÿ 
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ion in [Ti(H,O)¿]Ÿ*. The đ electron will occupy a /;„ orbital. On irradiation with 
light of frequency zø; which is equal to A,⁄%, where ở ¡s Planck's constant and A, 
is the energy difference between the /¿„and ø„orbitals, it should be possible for 
such an ion to capture a quantum of radiation and convert that energy into en- 
ergy of excitation of the electron from the í;„ to the ø„orbitals. The absorption 
band that results from this process is found in the visible spectrum o£ the hexa- 
aquotitanium(III) ion (shown in Eig. 23-17) and is responsible for its violet color. 
Two features of this absorpton band are o£importance here: its positlon and Its 
1nt€TNSItY. 

In discussing the positions of absorption bands In relaton to the splittings 
of the đ orbitals, it is convenient and common practice to use the same unit, the 
reciprocal centimeter or wave number, abbreviated cm", for both the unit offre- 
quency in the spectra and the unit of energy for the orbitals. With this conven- 
tion, we see that the spectrum of Fig. 23-17 tells us that A„ in [Ti(H;O)¿]?? is 
20,000 cm”". 

We note in Fig. 23-17 that the absorption band is very weak. Its molar ab- 
sorbance at the maximum 1s five, whereas one-electron transitions that are theo- 
retically “allowed” usually have absorbances of 10-10”. This suggests that the 
transition in question 1s not “allowed” but is instead “forbidden” according to the 
quantum theory. That 1s indeed the case, for the following reason. Ít is a general 
rule of quantum mechanics that for any electronic transition to be “allowed” in 
a system that has a center of symmetry, it is a necessary (though not sufficient) 
condition that the electron move, as a result of the transition, from an orbital 
that is even with respect to inversion through the center of symmetry, to an Or- 
bital that 1s uneven with respect to inversion (or vice versa). Since all đ orbitals 
are even with respect to inversion, this selection rulÌe is not satisfiied for electronic 
transitions that move an electron from one đ orbital to another. Hence, đ-đ tran- 
sitions of transiion metal compounds are generally of low intensity (weakly ab- 
sorbing). 


Wavelength (Ä) 
3000. 4000 5000 7000 
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Molar absorbance 
cn" 


Frequency (cm~1 x 10~3) 


Figure 23-Ï7 The clectronic absorption 
spectrum of [Ti(H;O),]Ÿ!. 


23-ó  Electronic Absorption Speclroscopy 521 


These đ~đ absorptions are measurable, though, and this selection rule evi- 
dently is relaxed in some way. For all transition metal compounds, there are vi- 
brations of the ligands that slightly spoil the symmetry of the coordination 
sphere so as to remove the center of symmetry. Thỉs relaxes the rigorous re- 
quirement mentioned previously. In the case of tetrahedral compounds, the 
structures lack a center of symmetry. This makes the selection rule inapplicable, 
and the đ-đ transitions become notforbidden. Consequently, it is a general ob- 
servaton that for tetrahedral complexes, the đ—đ absorption bands are consid- 
erably more intense than in octahedral complexes, often by a factor of l0 or 
more. This explains why, for example, the pale red color of the octahedral 
[Co(H;O)¿]”” ion is changed by addition of chloride to the intense blue color of 
the tetrahedral [CoCl,]?” ion. 

In this discussion we have addressed the differences in absorption intensity 
that arise because one electronic transition may be more allowed than another. 
We must also address the question ofabsorption energy, as indicated by the wave 
number (cm”}) of the electromagnetic radiation that is absorbed as a result ofa 
particular electronic transition. 


lons with More than One ơ Electron 


The majority o transition metal ions of practical interest have more than one đ 
electron. An explanation o£theiïr electronic structures and electronic absorption 
spectra In terms of ligand field theory is considerably more complex, because 
there are now two forces to be considered; ¡in addition to the repulsive forces ex- 
erted by the ligands on the electrons of the metal (the ligand ñeld splitting), 
there are the forces between the electrons themselves. It is one of the great tri- 
umnphs of modern physics that the methods for handling such complex prob- 
lems in an accurate and useful way have been developed. Although it would be 
beyond the scope of this book to develop this methodology from first principles, 
1t 1s Important to provide a working sketch of how the electronic absorption spec- 
tra of coordination compounds may be interpreted. To do this, we shall first ex- 
amine the case ofa đ ion, where we shall be able to display all of the factors that 
are important for đ” ions in general. Once this basis 1s set down, it should be 
straightforward to apply the results to the remaining cases: đ” to để. 


Notations for the Electronic States of ở” Atoms and lons 

Certain symbols and terminologies are employed in examining the case ofa 
đ” ion in an octahedral ligand field. The pertinent definitlons are gIven below. 

First, we must define two terms that will be used throughout the following 
discussion: electron configuration and electronic state. The term electron con- 
figuration refers to the way electrons occupy orbitals. We have frequently made 
use Of this term, and have employed a shorthand notation for speclfying electron 
configurations throughout the text. In Chapter 2, we wrote, for example, 
15225220”, as the electron configuration of the fluorine atom. For the vanadium 
ion (VỶ”) we can say simply that the ground electron configuration Is đẺ, with the 
understanding that we are talking about the 3đ orbitals and that all lower energy 
orbitals are fully occupied. For an ion in a ligand field (1.e., a coordination com- 
pound), where the đ orbitals are split into subsets, a very similar notation for 
electron configuratlon 1s used. For example, in an octahedral field, the ground 
electron confguration of the VỶ* ion would be written ¿Ÿ„„ and the two possible 
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excited configurations would be written /¿„e; and ¿ÿ. For a high-spin Mn”” ion 
the electron configuration is /3„£2, and for Ni” it is š„eZ. 

Having briefly mentioned electron configuratons, It is now nec€ssary to de- 
fine electronic states. By the term electronic state we shall mean an energy level 
that is available to an ensemble of electrons. (It is, as such, sormething quite dis- 
tỉnct from an energy for, say, a one-electron orbital, because the energy of an 


-electronic state will be governed by the interactions o£ the electrons, as well as by 


the energies of the orbitals that house the electrons.) In general, more than one 
electronic state can arise from a given electron configuration. The only excep- 
tions to this statement are a closed-shell configuration and, to a good approxi- 
mation, the đ! and đ' configurations. 

All other đ” electron configuratlons individually give rise to more than one 
electronic state because there are always several different ways that the electrons 
of a given electron configuration can interact with one another. Each different 
Wway Of interacting among the electrons in any one electron configuration gives a 
different net energy for the ensemble of electrons. lt is this energy that charac- 
terizes the resulting electronic state of the atom, molecule, or ion. 

For example, If we have a ? electron configuration, the electron spins can 
be parallel (to give an electronic state with total spin equal to 2 x š = l) or the 
two electrons in this electron configuration may be opposed (to give an elec- 
tronic state with total spin equal to 0). There is a third electronic state that arises 
from this øŸ electron confguration, but we do not develop the details until later. 
For now it 1s sufficient to have demonstrated that a given electron configuration 
may give rise to a number of different electronic states. To illustrate the impor- 
tance of this, consider carbon, which has the ø“ configuration. The states just 
mentioned for carbon differ in energy by about 125 kJ mol”". 

Before proceeding, we need to designate the symbols to be used in specið- 
¡ng the different electronic states that we shall encounter. Just as lower case let- 
ters are used for orbitals of various degeneracies, so are capital letters used, as 
follows: 


1. Singly degenerate orbitals: a or b 
Singly degenerate states: A or B 


2. Doubly degenerate orbitals: e 
Doubly degenerate states: E 

3. Triply degenerate orbitals: t 
Triply degenerate states: T 


Subscripts Ï or 2 are used to distinguish among states of like degeneracy. In ad- 
didon, subscripts ø or % are employed for molecules that have a center of sym- 
metry; subscript ø designates states whose wave functions are even (from the 
German g#rzđ2), and subscript % designates states whose wave functions are un- 
cven (from the German #gerzd2) with T€spect to inversion through the center 
Of symmetry. For example, in an octahedral ligand environment, the set of ? or- 
bitals 1s triply degenerate and each ø orbital is uneven with respect to 1nversion 
(.e., the wave function changes sign upon inversion). The ø orbitals in this en- 
vironment are designated the ¡„ set, and the electronic state arising from the 
electron configuration ?` is designated 7¡„ In an octahedral environment of li- 
gands, three of the đ orbitals are degenerate as well as even with T€Sp€Ct tO in- 
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version. These three orbitals constitute the í;„ set In the octahedral ligand 
field, and the electronic state that arises from the t„ electron configuration is 
the T;„ state. 

The symbols are further modified to designate the spn multiplicity of the 
electronic state, by adding a left superscript number. The left superscript, or spin 
multiplicity, of the electronic state is the value (2§+ 1), where ŠSis the absolute 
value of the algebraic sum of the spins of the individual electrons. For example, 
for a đ! electron configuraton, §= 3 and the spin multiplicity is two. For a đ? 
electron configuration in which the electron spins are parallel, $= š + 3 = 1, and 
the spin multiplicity (2§+ 1) is three. In a đỗ electron configuration with four 
“up” spins and one “down” spin, $= 4($) + (-Ÿ) = Ÿ, and the spin multiplicity 
(2S+ 1) ¡s four. 

The spin multiplicity is related to the total spin quantum number §$ by the 
relationship given previously, namely, spin multiplicity equals 2S + 1 for the fol- 
lowing reason. When an ion with a total spin quantum number Šis placed in a 
magnetic field, the rules of quantization allow the total electron spin vector 
(whose length is [S(S+ 1) ]'⁄”) to take only those orientations relative to the mag- 
netic field direction H that give projections in the field direction equal to +, 
S—1,S—2,..., —%, as shown, for example, in Fig. 23-18. In general, the num- 
ber of vaÌues from +S§ to —%, in Integral steps, is (2S+ I), and that is where the re- 
lationship between § and spin multiplicity comes from. In verbal use, the spin 
multplicities are pronounced as follows: 1 (singlet), 2 (doublet), 3 (triplet), 
4 (quartet), 5 (quintet), 6 (sextet). 

For a đ! ion in an octahedral field of ligands, then, we have the two possible 
electron configurations ty and đệc, The two states that arise are thus KD and NT, 
pronounced “doublet ee gee” and “doublet tee two gee,” respectively. One elec- 
tronic state that arises from the /2„ electron configuration is the Ÿ 11„stat€, DFO- 
nounced “triplet tee one gee.” 

Ít remains only to point out that the total degeneracy of a state is the prod- 
uct oŸits spin and orbital degeneracies. The spin degeneracy is given by the spin 
muluplicity. The orbital degeneracy is designated by the letter scheme listed pre- 
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Figure 23-l18 The allowcd orientations of 
the electron spin vector in a magnetic field. 
Two cases are shown. The rules of quantiza- 
tion allow only those orientations o£ the vector 
that give projections equal to +š or ~$ (for the 
case where $S=ÿ) or which give projections of 
+1,0,or — 1 (for the case where §$= ]). 
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viously. Thus, for the three states mentioned in the preceding paragraph, the 
total degeneracies are those given In Table 23-2. 


The Electronic States Arising from a d” System 

The procedure that we shall employ to work out the electronic states of a đ° 
ion in an octahedral ligand field involves our considering two limiting cases, and 
then correlating the two. In one limit we have a ligand field so strong that the in- 
teractions between the two electrons are negligible in comparison with the en- 
ergy differences between the various electronic states that arise from the elec- 
tron configuration. This is called the strong field case. In the other extreme, we 
consider a ligand field that is so weak that the interaction among the electrons 
overshadows the ligand field, so that the various electronic states arising from the 
electron configuration have energies that are determined almost solely by Inter- 
action of the two electrons in the configuration. This is termed the weak field 
Case. 


The Strơng Field Case. Tfwe assume that the ligand field splitting 1s very large, 
then every electronic state arising from the electron configuration i$, will be of 
lower energy than every electronic state arising from the electron configuration 
£„e„, and similarly, every electronic state arising from the electron confguration 
¿; will be higher in energy than those of the first two. This means that we can 
deal separately with cach of the three possible electron configurations (fŠ„, f2„éz, 
and z?), and we do so in the following way, beginning with the electron configu- 
ration z2. The student may wish to preview the right side of Fig. 23-20, as this is 
the result towards which we are now working. 

We have avallable a palr Of ¿„ orbitals, and for each electron, two possible 
spin quantum numbers, + or —3. Thus we may assign the first electron of the set 
to the ø„orbitals in four different ways. We represent this by drawing a set of four 
boxes, each of which represents a đistinct combination o£ orbital and spin quan- 
tum numbers for the single electron. We next ask how the second electron of the 
cz electron configuration may be assigned to the set of four boxes. Because of 
the Pauli excÌusion principle, each box may hold only one electron. Then, there 
are six distinct and nonrepetitious ways OỂ assigning two electrons to the four 
boxes, as 1]llustrated In Fig. 23-19(ø). This number six could have been antici- 
pated by noting that we are simply asking for the nưnber of ways to choose pairs 
from among four equivalent objects, and thịs is given by the product of the num- 
ber of ways to choose the first one (4) times the remaining number of ways to 
choose the second (3), divided by two, since the order of choice for identical ob- 
Jects is Immaterial. Thus we have for the đc. electron configuration: (4 x 3)/⁄2 = 
6. Each of these six distinct arrangements of electrons in the z2 electron config- 
uratilon is called a microstate. 


Table 23-2 The Degeneracies of Three States 


Spìn Orbital Total 
State Degeneracy Degeneracy Degeneracy 
SH 2 2 # 
2T; _ 2 3 6 


lg 3 s 9 


——— ——=.......... ... .. ..âÃ,.. 
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Figure 23-19 (¿) The 6 ways (a-f) of arranging two electrons (with spin 
either +2 or —2) into two orbitals that are doubly degenerate. (ở) The 15 ways 
(ao) of arranging two electrons (with spin either +Š or —3) into three orbitals 
that are triply degenerate. 
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The arrangements of electrons in the boxes, as done in Eig. 23-19(z), rep- 
resent the six microstates that are included in the electron confguration ø‡. We 
shall now show, but not derive rigorously, the fact that these six microstates com- 
prise three electronic states arising from the z2 electron configuration. TWwo of 
the six microstates of Eig. 23-19(2) are spin triplets, because the electrons in each 
Of the two microstates are parallel; these are microstates labeled (a) and (b) in 
Fig. 23-19(2). 1ogether with one of the others, these constitute a spin-triplet state 
that is, orbitally, singly degenerate: ”4;,. The remaining microstates of the sh 
electron configuration are the components of two singlet electronic states, `Á¡„ 
and !E.. Note that when the orbital (A + A + E) and spin (triplet + singlet + sin- 
glet) multiplicitiles of these three states are summed up, they correspond to a 
total of six: (3x I) + (1 x I) + (1x2) =6, the total degeneracy of the đc: electron 
confiiguration. 

W© now turn our attention to Fig. 23-19(7), where we display the l5 distinct 
and nonrepetitlous microstates that are available to the electron configuration 
đều Of.these, three [(a), (b), and (c) ] have §= +1 and three [(d), (e), and (f£)] 
have $S= —1. The other nine microstates all have S= 0. The three microstates with 
3= +Ì, the three microstates with Š= —l, and three of the remaining nine mi- 
Crostates together constitute a ”7¡„ electronic state of the 2„ electron configura- 
tion. From the remaining six microstates with $= 0, we can derive (without show- 
¡ng the details) the spin-singlet electronIc states: mâu _ vóc and Miền Thus for the 
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electron configuration đu we fnd 4 electronic states with a total degeneracy of 
15: 


3m 'c Lai Ko 
(3X3j+(1X3y+( 5 i1 lai: 


We may say this same thing in another way; out o£ the electron configuration L 
there arise 15 microstates that are grouped into 4 different electronic states, hav- 
¡ng 4 different energies. 

Last we consider the third and only remaining possibility for a đŸ ion in an 
octahedral ligand field: The electron configuration tay SÊn One electron 1s free to 
occupy one of four boxes (the electron in the ¿„orbitals), whereas the other elec- 
tron is free to occupy one of six boxes (the /;„ electron), leading to a total of 24 
different microstates. Since each electron ¡is in a different type of orbital, the 
Pauli exclusion principle is never a problem, no matter what spin assigenments 
are made. Also, we need not divide by two even though the two electrons are in- 
đistinguishable. The result is that, anong the 24 distinct and nonrepetitious mi- 
crostates of the /s„; electron configuration, there arise the electronic states kĩn,; 
tTz„ ?T1„ and ŸT;„, whose total degeneracy is, as required, 24. 

The result of our analysis of the đ” ion in the strong field limit is shown on 
the right of Fig. 23-20. We imply here that the energy difference among the elec- 
tronic states 1s small (in the limit, zero) compared to the energy differences (A,) 
between the three electron configurations. 


The Weak Field Case. In the weak field limit (shown on the left in Eig. 23-20), 
we are dealing with a set of electronic states for which the energies are deter- 
mined only by the Interactions of the đ electrons with one another. This 1s a 
problem that was solved by atomic spectroscoplsts quite independently of any 
work on either metal complexes or higand field theory, because, in the weak field 
limit, there is necessarily no ligand set. For the metal ions of the first transition 
series (where the ligand field analysis of electronic absorption spectroscopy is 
mnost useful), there is, fortunately, a relatively convenient and more or less quan- 
tirative scheme for describing the electronic states that arise from a given 3đ” 
electron configuration. This same scheme is also reasonably satisfactory for 4đ" 
systems, but it has some inadequacies (from a quarttitative point of view) for the 
5đ” lons. We shall now describe this approach, which ¡is called the 
Russell-Saunders or L5 coupling scheme. 

In this scheme, we use for the electronic states a set Of quantum numbers 
and state symbols that closely parallel those used for a single electron. Just as an 
clectron in a particular orbital has a certain orbital angular momentum quan- 
tum number £ {and an orbital angular momentum given by the quantity 
[£(£ + 1)]!⁄?}, so each electronic state arising from a given electron configura- 
tion đ”, has a total angular momentum quantum number L„ and an orbital an- 
gular momentum given by the quantity [L(L + 1)]'⁄°. Thus, Just as we have s, Ø, 
đ, ý... orbitals, we have $, Ð® D, F;... electronic states for a đ” ion. These letter 
designations for the electronic states correspond to total orbital angular mo- 
rnentum quantum numbers, L= 0, 1,2,..., respectively. 

Each electronic state is also characterized by its spin quantum number $. 
Thus, even for a vanishing (or in the weak field limit, vanished) ligand field, ions 
with one, two, three, four,..., unpaired electrons have spin quantum numbers, 
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Figure 23-20 A corrclation diagram for a đ”ion in an octahedral environment. All 
states and orbitals are of the gerade type, and the subscript ø has therefore been omit- 
ted. 


=š¿, 1,5, 2,..., and, then, spin multiplicities (given by 2§+ 1) of 2 (doublet), 
3 (triplet), 4 (quartet), 5 (quintet), ..., respectively. 
We illustrate briefly with an ion having L= 2 and S=Š. The electronic state 
would be designated “D. A few other examples are 


Je8g&@egk °”F 
L=1Sẽẽ 
W=0/s=...‹ 


We note that for all đ` ions, the electronic state must be solely 2D, since L= 
£=2. 

For each electronic state that we identify using the Russell-Saunders cou- 
pling scheme, there is an orbital degeneracy as well as a spin degeneracy. The or- 
bital degeneracies of the various electronic states are § (0), P (3), D (5), F (7), 
...,„ and so on. These degeneracies correspond, of course, to those oÊ the com- 
parable orbitals having the same £ values in lowercase. 
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In summary, according to the Russell-Saunders coupling scheme, there are 
two quantum numbers and § that characterlze a given electronic state, just as 
we have £ and s quantum numbers that characterize a single electron. These two 
quantum numbers can be used to defne and designate the various electronic 
states ofa given đ” electron configuration. The Russell-Saunders scheme allows 
us to list all of the electronic states that arise from a đ” configuration and to es- 
timate their energies. The scheme applies well to the 3đ” (and perhaps also to 
4đ”) cases involving weak field ligands. The procedures for applying the scheme 
demand a greater knowledge of quantum mechanics than 1s appropriate at this 
level, so we shall simply list the results of the analysis, along with some observa- 
tions that will prove useful when applying the results to the interpretation o£ 
electronic absorption spectroscopy for the varlous coordination compounds. lt 
1s this latter purpose that remains the goal of Section 23-6. 

For the đ” case, the combinations of orbital and spin angular momenta (I.€., 
the couplings of quantum numbers Ù,and Š$) that are consistent with the Pauli 
exclusion principle are represented by the following electronic state symbols: 


T56 


It should be noted that a set of five đ orbitals coupled with two choices for spin 
1s equivalent to a set of 10 boxes. Thus a total of (10 x 9)⁄2 = 45 microstates are 
possible in the đ” electron confguration. As expected, the sum of the degen- 
eracies of the states Just listed wIl be found to be 4ð. 

Thịs list 1s given ín order ofincreasing energy, as predicted by theory and es- 
tablished by experiment. Spectroscopic data are available for all of the đ ions 
that are of common occurrence, and the data provide not only the correct order 
of the electronic states, but also the exact value of the SIi€NEy diferences be- 
tween the states. 

The fact that the electronic state of lowest energy is the F state is to be ex- 
pected on the basis of Hund”s rules. Hund”s first rule, which was discussed in 
Chapter 2, says that for any partially filled shell, the most stable arrangement will 
be the one with the highest spin multiplicity: the arrangement with the maxi- 
mum number of parallel electron spins. The second rule says that, among states 
of highest spin multiplicity (n this case, spin triplets), the state with highest or- 
biral angular momentum ¡is preferred. In this list for the states of a đŸ ion, and 
among those that are triplets, the one of lower energy 1s, then, the #' state, for 
which L= 3. 

In Fig. 23-20 we have placed these five free ion electronic states of the đ? 
electron confiiguration ¡in the correct order, on the vertical enerøgy scale. We must 
next ask what happens to each of these states as the octahedral ligand ñield in- 
Creases in strength from zero (for the free ion) to some small value. After doing 
this we shall need to connect the various states on the left and right sides of the 
diagram in order to trace the energies of the various states as the ligand field 
Sstrength increases to the strong field case. 

On the left portion of the diagram of Fig. 23-20 we have shown that a state 
with an orbital angular momentum quantum number Ewill split in the same way 
as a s€t or orbitals characterized by the corresponding value of the quantum 
number £. Thus a Ð electronic state (L= 2) splits into E and T; states In an oc- 
tahedral ligand feld, just as a set of five đ orbitals (£ = 2) splits into the sets 6> 
and í; 1n an octahedral field. If, as here, the 7Ø electronic state is one Hari 
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from a đ” electron configuration, it and the states into which it splits will be of 
gerade character, just as the đ orbitals are g£rade. Also, weak ligand fields cannot 
alter the spin multiplicity of an electronic state, so that all states derived from a 
given free ion electronic state will retain the same spin multiplicity. 

Table 23-3 lists the states into which the various free ion electronic states are 
split by the influence of an octahedral ligand field. Note that an Š state, being 
nondegenerate, does not split, and a Pstate in an octahedral ligand field survives 
with its threefold orbital degeneracy. All the other free ion states are split to one 
extent or another into states by an octahedral ligand field. We say that the de- 
generacies of the various states are lifted, to one extent or another, by the ligand 
field. By employing the information of Table 23-3, we can complete the left side 
of Fig. 23-20 as shown for the weak field case. 

We now have the two edges of a complete energy-level diagram for a đŸ ion 
¡n an octahedral ligand field. At the extreme left we see what states exist when 
the ligand field strength is zero and how these states are affected as a very weak 
field 1s applied. At the extreme right, we have information on what electronic 
States exist in the presence of a ligand field so strong that it completely over- 
whelms the electron-electron interactions. Our task now is to connect the two 
sides of this incomplete điagram so as to obtain a picture of how the electronic 
states of a đ? configuration behave under realistic conditions, namely, at inter- 
mediate values of the ligand field strength. 

We note first that the inventories of states on each side of Fig. 23-20 are the 
same; they must be if we are to be able to connect the two sides of the diagram 
completely. To carry this out, there are two rules that must be followed: First, 
only two states that are exactly alike may be connected. Second, connecting lines 
for states of the same type may never cross. With these rules, the connecting lines 
(or the state to state correlatons) may be drawn in Fig. 23-20 in an absolutely 
unambiguous way. The correlations between triplet states have been drawn using 
solid lines, and those between singlet states have been drawn using broken lines, 
so that they are easy to đistinguish. 

Now that we have this diagram, what does ¡t tell us? The following are the 
most Important things as far as spectroscopy 1s concerned. 


1. For all ligand field strengths, the ground electronic state ofa đ system is 
a spin triplet, that is, the ”7¡„ state. Any đŸ ion in an octahedral field (however 
strong) of ligands will have two unpaired electrons in the ground state. 

2. We have already pointed out that a general selection rule of quantum me- 
chanics 1s that transitions between states of like parity (I.e., øerzdø-gerade Or, sim- 


Toable 23-3 The Spliting of Free lon Electronic States in an Octahedral Ligand Field 


Electronic States of 
Electronic States of the lon In an 
the Free lon Octahedral Field 
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llarly, wngeradøe-wngerađe) are discouraged. Recall, then, that any absorption 
bands assigned to transitons from the ground state of Fig. 23-20 to other elec- 
tronic states of Fig. 23-20 are greatly discouraged by this selection rule. 

3. Itis another general selection rule of quantum mechanics that electronic 
transitions between states of different spin multipliciies are forbidden. As in 
most cases, the rigorous selection rule is relaxed, and we conclude more realis- 
tically that such transitons, though not completely unobserved, are at least 
greatly discouraged. Consequently, they are weak in absorption intensity when 
measured spectroscopically. Application of this selection rule to the để case 
brings us to the conclusion that the only spin-allowed transitions are those from 
the triplet ground state to the triplet excited states. Thus three absorption bands 
for a đ” system are predicted: those from the Ỷ7¡ „ ground state to the excited 
states “T¿„, ”Az„, and ”7¡„. The last excited electronic state originates from the ŸP 
free lon state. 

4. Another general selection rule for electronic transitions 1s that two-elec- 
tron transitlons are much less probable than one-electron transitions. Thus the 
ŠA;„ state, which in the strong field limit correlates with the zŸ electron configu- 
ration, Is not readily reached from the 5 Tì„ ground state, which 1s derived from 
the /š„ electron configuration. This transidon should then be considerably 
weaker in absorpton intensity than the other two spin-allowed transidons. 


In summary, for a đ2 system, we expect to observe three electronic absorp- 
tion bands, all of which are weak in absorptdon intensity. Each of the absorptions 
1s spin allowed, but one is expected to be weaker than the other two because it 
1s a transidon involving two electrons. We shall make a direct comparison of 
these predictions with experiment as soon as we have introduced a more quan-, 
titative form of the energy-level diagram given ¡in Fig. 23-20. 


Qucœnfitotive Interpretdtion of Electronic Absorption Spectrd for Vorious 
đ" Systlems 


The energy-level diagram (actually a simple correlation diagram) that is pre- 
sented in Fig. 23-20 for the đŸ octahedral case is entirely correct as far as it goes, 
but it lacks some features necessary for practical, quantitative use. In fact, we 
have available to us calculations of electronic state energies as a function of li- 
gand field strength, and we can use these results for a quantitative fitting of ob- 
served spectra. This has been done by Tanabe and Sugano. Tanabe-Sugano dia- 
grams, which are presented in Fig. 23-2], are widely used to correlate and 
interpret spectra for ions of all types, from đˆ to đẺ. To provide an understand- 
¡ng of these diagrams, we shall first take the đ” case and compare it in detail with 
Eig. 23-20. 

The energies of the various electronic states are given in the Tanabe-Sugano 
điagram on the vertical axis, and the ligand field strength increases from left to 
right on the horizontal axis. The symbols in the diagrams of Eig. 23-21 omit the 
subscript ø with the understanding that all states are gerzde states. Also, in 
Tanabe-Sugano diagrams, the zero of energy for any particular đ" ion is taken to 
be the energy of the ground state. Regardless of the ligand field strength, then, 
the horizontal axis represents the energy of the ground state, and the energies 
of the excited electronic states are plotted against the energy of the ground state. 

The unit of energy in a Tanabe-Sugano diagram ¡is the parameter B, called 
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Racah's parameter. For different isoelectronic ions (i.e., the đ? ions Ti?' and V*, 
or the đ' ions CrẺ*, MnŸ*, and Fe*"), the values of Bare different, as shown at the 
top of each diagram in Eig. 23-21. By plotting cnergies using the parameter Ö, one 
Tanabe-Sugano diagram may be used for all members of an isoelectronic ØTOUD. 


An Examble oƒa đ” lơn. Let us now take the VỶ*(aq) ion as an example of an 
octahedral đŸ system. The well-known green color o£ this ion is caused by an elec- 
tromc absorption spectrum that displays two weak absorption bands, one at 


766 cm_ Ì for V(II) 
1030 cm~1 for Cr(II) 


2 
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B=860 cm” Ì for VII) 
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Figure 23-2†  Encrgy-level diagrams [after Tanabe and Sugano, j. Pjs. 
S$oc. jpn., 1954, 9, 753.] for the đ?—đ” configurations, in octahedral symmetry. 
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Figure 23-2ï  (coz/z+⁄) 


17,800 and one at 25,700 cm". The absorptions are weak in intensity, and have 
molar absorptivides (L mol"! em ') of 3.5 and 6.6, respectively. Such low values 
for molar absorptivity suggest that the electronic transitions that are responsible 
for the absorption of electromagnetic radiation are transidons that are forbid- 
đen, as we anticipated. Using the diagram for a đ” ion from Eig. 23-91, we can 
điscover only three spin allowed transitions, as we pointed out before using Fig. 
23-20. Let us assign the first absorption band at 17,800 cm'Ì to the transition ®7) : 


—> Ÿ7;„ and the second band at 25,700 cm! to the transition ŠT„>°®T; (P). We 


shall not assign one of the two observed absorptions to the transition to the ~ 
State, as that represents a two electron jump, as điscussed previously. We can now 
proceed to use the Tanabe-Sugano diagram to try to get a “ñt” of the ©energies 
for these two absorptions. 
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W© now look at the đÊ Tanabe-Sugano diagram for the value on the hori- 
Zzontal axis of A/ that gives the best fit to these experimental absorption band 
enecrgies. We find that the best value of A/is about 99, as this is the poimt where 
the energies of the two states are in a ratio of 1.43 (as Jjudged by the values of 
both states at this value of A/B), agreeing with the experimental ratio of 1.44. At 
A/B of 29.0, we fñnd transition energies (differences in energy between the 
ground state and each of the two excited states) of 98.5 Band 40.5 B. sing the 
observed energies in reciprocal centimeters, we can then calculate that the value 
of Bfor the [V(H;O)s]" ion must be 630 cm"1. This is only 73% of the value of 
B for the free ion that is listed in the diagram for uncomplexed V1, 


An Example 0ƒ a d” lơn. The NỈ?” ion, like the vanadium ion discussed pr€vVi- 
Ously, exists in aqueous solutions of its salts as the hexaaqua nickel ion, 
[Ni(H;O)¿]”". Aqueous solutions of salts such as NiSO,, and NIOI; have a pale 
green color. Ủpon addition o£ aqueous NH; or the bidentate ethylenediamine, 
en (H;NCH;CH;NH;), the color of these aqueous solutions becomes deep blue 
or purple, respectively. We show in Fig. 23-22 the electronic absorption spectra 
of the ions [Ni(H;O)s]?* and [Ni(en);]?*. The wavelengths involved cover the 
near-UV, through the visible, to the near-IR portlons of the spectrum. The spec- 
trum for each 1on has three main absorption bands. For the hexaadqua ion, the 
lowest one is at about 8800 cm” and the uppermost one is at 24,000 cmr}, 

Let us turn now to the Tanabe-Sugano diagram for đ ions. At a value of A/B 
of about l], we get good agreement between experiment and theory for the 
ratio of the energies of the two bands at 8800 and 24,000 cm" of the hexaaqua 
NỈ”" ion. Here we have assumed that the value of Bin the complex is about 80% 
Of that for the free ion. We are then able to predict that the middle absorption 
band in the spectrum, assigned to the transition °“As„— xé ể should be at #⁄B= 


Visible region 


HE... [1Ï HH 


Wavelength, angstroms 
2000 "4000 6000 8000 10,000 12,000 


Absorption ———> 


50,000 25,000 : 15,000 10,000 8000 


Wave number. cm! 


Figure 23-22 The clectronic spectra of [Ni(H;O)¿] #* (—) and [Ni(en)s]#* (-- --). Also 
shown is the correspondence between wavelength and the colors of the vistble portion o£ the 
Spectrum. 
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18, which becomes 16,000 cm'', if we let B= 865 (80% of 1080). Thịs is in good 


agreement with the observed position of the middle “bands” in the spectrum of 


the hexaaqua ion. Similarly, for the A/ð value of 13, and B= 865, we can ft all 
three bands in the spectrum of [Ni(en)s]*. 

W© are now able to demonstrate that the ligand field strength of the three 
en ligands is greater than that of the six H;O ligands at Ni”. In fact, it is greater 
by the amount Tỉ = 1.18, as based on the values of A/ deduced previously. This 
1s what causes the spectrum to shift to higher energies (and the colors of the 
complexes to change) when the en ligand set replaces the water ligands. 

Three other observations may be made about the nickel(II) lon spectra 
shown In Fig. 23-22. First we note that the middle absorption band ¡in the spec- 
trum of the ion [Ni(H;O)g]#* is really two close bands. The reason 1s that, 
at a ligand field strength o£ 11 B, there is a 'E, state that is practically degenerate 
with the Ỷ7¡„ state. This can be seen in the đŸ Tanabe-Sugano diagram of Eig. 
23-21. Because of an effect that has not been considered in our treatment, 
namely, “spin-orbit coupling,” when two states of different spin multiplicity be- 
come nearly equal in energy, they get “rmnixed together,” and there is then enough 
triplet character in both states to make transitions from the triplet ground state 
to both excited states become spin allowed. In other words, the transition 
`As„—> 'E„ becomes allowed because the spin selection rule is relaxed by spin- 
orbit coupling between the two excited states 'E_ and 37 „ 

Second, it can be seen that the spectrum of the [Ni(en)sz]Ÿ* ion is consider- 
ably more intense than that of the hexaaqua ion. This occurs because the 
[Ni(en)s;]#* ion lacks a center of symmetry, and the usual selection rule forbid- 
ding d_~đ transitions is relaxed. 

Einally, on comparing the absorption spectra with the “color map” of the vis- 
1ble region o£ the spectrum, as is done in Fig. 23-22, it can be seen that the col- 
Ors Of the fwo lons are consistent with their spectra. The green [Ni(H;O)gs]?' ion 
absorbs both the red and the blue ends of the spectrum, but transmits the cen- 
trai green region. The purple [Ni(en);]?” ion, however, absorbs the middle re- 
gion of the visible sbectrum (and some of the red), but transmits the purple and 
blue regions. 


Examples oƒ đ” lơns. We now examine the spectra of the very pale pink, high- 
spin đ” ions [Mn(H;O)g¿]?* and [Fe(H,O)¿]Ÿ†. It should be noted that the latter 
1s obtained only in very strong noncomplexing acids, because the hexaaqua ion 
readily dissociates a proton to give [Fe(H,O);OH]*, which is yellow brown. The 
reason both of these ions have extremely pale colors is that their đ-đ absorption 
Spectra are even weaker (by a factor ~100) than those we have looked at so far. 
The spectrum of the [Mn(H;O)s]Ê* ion is shown in Fig. 23-23, where it can be 
seen that the molar absorptivities (L mol"! em””) are extremely low. Why should 
these absorption bands be so extraordinarily weak? The answer must be ø1ven in 
terms oÊ one or more selection rules that discourage the electronic transitions. 

We can foresee the answer even before we look at the Tanabe-Sugano dia- 
gram. For a high-spin đ” configuration, each đ orbital is singly occupied, and all 
spins are parallel. This requires the ground electronic state to be a Spin sextet 
(ñât ø)- There is, furthermore, no way to promote an electron from a ¿z„ orbital 
tO an ớ„ orbital without reversing its spin. Thus, for the high-spin đ case, all pos- 
sible đ—-đ electronic transitions are spin forbidden. It is this extra degree of for- 
biddenness that decreases the absorption intensities by a factor of about 100 
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Molar absorptivity (Lmole~!cm—1) 


?(cm~}X 103) 


Figure 23-23 The clectronic absorption spectrum of [Mn(H,O)¿]?*. Arrows indi- 
cate predicted band positions. 


compared to the usual đ~đ absorption band. Apart from this intensity question, 
the [Mn(H;O)¿]#* absorption spectrum can be explained in the usual way, and 
the band assignments are shown ¡in Fig. 23-23. 


Chơrge-Tronsfer Spectrd 


While the d-đ absorption bands of many transition metal complexes are usually 
their most important electronic spectroscopic feature, there 1s another class of 
electronic transitions that can always occur and sometimes play a prominent role 
in the spectra o£ coordination compounds. A đ-đ transition involves redistribu- 
tion of electrons among orbitals that are mainly (in the crystal fñield model, en- 
tirely) localized on the metal atom. There are also electronic transitions in which 
an electron moves from an essentially ligand-based orbital to an essentially metal- 
based orbital, or vice versa. When this happens, charge 1s transferred from one 
p2rt Of the coordination sphere to another. The resulting spectroscopic features 
and the electronic transitions from which they arise are called, respectively, 
charge-transfer (CT) bands and charge-transfer (CT) transitions. 

There are two broad classes of ẾT transitions. When an electron passes from 
a ligand-based orbital to a metal-based one, we have a ligand-to-metal charge- 
transfer (LMCT) absorption band, or transition. When the electron moves from 
an orbital that is largely metal based to one that is ligand based, we have a metal- 
to-ligand charge-transfer (MLCT) absorpton, or transition. A few 1llustratlons 
can now be given. 

The most familiar CT transition may be the one that is responsible for the 
intense red color that identifies the FeŸ” ion upon addition of thiocyanate ion 
(SCN”) to aqueous solutions o£ Ee”". The reason this color is so intense is be- 
cause the LMCT transition o£ the complex 1s an allowed electronic transition ín 
every aspect. No selection rule 1s violated by the transition. There is no change 
in spin multiplicity associated with the transition and the electron moves from a 
ligand orbital that is #zgerade to a mmetal orbital that 1s gerzđ¿. Such a CT transi- 
tion is allowed by these two important selection rules, and the absorption Inten- 
sity (as measured by molar absorptdivity) is about 1000 times greater than that of 
a typical đ-ả transition. These are characteristic features oŸ many CT' transidons. 
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It may also be noted that the yellow-brown color o£ the [Fe(H;O) sOH]”?” ion 
is due to an OH to metal LMCT band in the near DV, which is so intense that its 
tail, or low-energy edge, absorbs significantly in the blue end of the visible spec- 
trum. 

In general, LMCT bands are found ïn the visible or very near-UV region, for 
complexes having lone-pair electrons on anionic ligands and metal atoms in 
hipgh oxidation states. These are Just the sorts of complexes that should favor 
movement of electron density from the electron-rich ligands to metals with high 
positive charges. Furthermore, the high-spin Fe”" ion has vacancies in both its /s„ 
and its ¿ orbital sets, and both types of LMCT transition, that is, to either the 
metal ø or ís„Orbitals, OCCUT. 

The other type of ẤT transition, namely, metal-ligand or MLCTT transitions, 
are less common. They are likely to occur in the visible region of the spectrum. 
The MLCT absorptions are expected only in systems containing metals in low ox- 
1dation states and ligands with empty £* orbitals. Organometallic compounds 
that we shall discuss in later chapters fall into this category. Thus, the Group 
VIA(6) metal hexacarbonyl molecules, M(CO)¿ (M = Cr, Mo, or W), all have a 
MLCT band around 35,000 cm”, which involves the transfer ofa metal lộni elec- 
tron to the 75 orbitals o£ the CO ligands. These absorptions have molar absorp- 
tivides of about 15,000 L mol” cm”, as compared to values on the order of 
1-100 for typical đ-đ absorption bands. 


Some Generolizœlions Concerning Ligand 
Field Splittings and Spectra 


Certain generalizatlons may be made about the depbendence of the magnitudes 
o£ A values on the valence and atomic number of the mertal ion, the symmetry of 
the coordination shell, and the nature of the ligands. For octahedral complexes 
containing high-spin metal ions, it may be inferred from the accumulated data 
for a large number of systems that 


1. The A, values for complexes of the first transition series are 7500—12,500 
cm” for divalent ions and 14,000-95,000 cm"! for trivalent ions, 

2. The A, values for corresponding complexes of metal ions in the same 
group and with the same valence increase by 30-50% on going from the 
first transidon series to the second and by about this amount again from 
the second to the third. This ¡s well illustrated by the A, values for the 
complexes [Co(NH;)¿]”", [Rh(NH;)¿]Ÿ*, and [Ir(NH;)¿]””, which are, re- 
spectively, 23,000, 34,000, and 41,000 cmr], 

3. The A, values are about 40-50% of A, values for complexes differing as 
litle as possible except in the 8øeometry of the coordination shell, in 
agreement with theoretical expectation. 

4. The dependence of A values on the Identity of the ligands follows a Teg- 


ular order known as the spectrochemical series, whích will now be ex- 
plained. 


The Spectrochemicol Series 


Experimental study of the spectra of a large number of complexes containing 
Vvarious metal ions and various lisands led to the arrangement of ligands in a se- 
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ries according to their capacity to cause đ-orbital splittings. Thỉs series, for the 
more common ligands, is[ < Brˆ < CT < F~ < OH- < C,OŸƑ < HạO < —NCS- 
< py<NH; < en < bpy < ø-phen < NO,” < CN-. The idea of this series is that the 
đ-orbital splitings and, hence, the relative frequencies of visible absorption 
bands for two complexes containing the same metal ion but different ligands can 
be predicted from this series, whatever the particular metal may be. We have al- 
ready seen a typical illustration of the relative positions of en and H,O in the 
spectrochemical series when we examined the đ-đ spectra of the [Ni(H;O)¿]#! 
and [Ni(en);]#? ions. Naturally, one cannot expect such a simple rule to be uni- 
versally applicable. The following qualifications must be remembered in apply- 
ing 1t. 

1. The series is based on data for metal ions in common oxidation states. 
Because the nature of the metal-ligand interaction in an unusually high 
or tunusually low oxidation state of the metal may be in certain respects 
qualitatively different from that for the metal in a normal oxidation state, 
striking violations of the order shown may occur for complexes in un- 
usual oxidation states. 


2. Inversions of the order o£adjacent or nearly adjacent members of the se- 
rles are sometimes found even for metal ions in their normal oxidation 
States. 


Siruc†ural and Thermodynamic Effects of d-Orbitdl Splittings 


Regardless of what type or level of theory is used to account for the existence of 
the đ-orbital splittings, the fact that they do exist is of major importance. Their 
existence affects both structural and thermodynamic properties of the ions and 
their complexes. 


lonic Rddii 


Figure 23-24 shows a plot of the octahedral radii o£ the divalent ions of the first 
transition series. The points for CrŸ" and Cu” are indicated with open circles be- 
cause the Jahn-Teller effect, to be discussed later, makes It difficult to obtain 
these lons in truÌy octahedral environments, thus rendering the assessment of 
their “octahedral” radi somewhat uncertain. ÁA smooth curve has also been 
drawn through the points for Ca”*, Mn”", and ZnŸ* ions, which have the electron 
configurations /2 „z2, /3„£z, and /§„ø+, respectively. In these three cases the dis- 
tribution o£ đ-electron density around the metal lon 1s spherical because all đ or- 
bitals are either unoccupied or equally occupied. Because the shielding of one đ 
electron by another from the nuclear charge is imperfect, there is a steady con- 
traction In these three lonic radli. lt is seen that the radi of the other lons are 
all below the values expected from the curve passing through Gà”, Nữ", and 
Zn”?. This occurs because the đ electrons in these ions are not distributed uni- 
formly (¡.e., spherically) about the nuclei as we shall now explain. 

The Tỉ” ion has the configuration /š.. This means that the negative charge 
of two đ electrons is concentrated In those regions of space away from the 
metal-ligand bond-axes. Thus, compared with the effect that they would have if 
distributed spherically around the metal nucleus, these two electrons provide ab- 
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Ca2?? Se?? T2? v2? Cr2* Mn?† Fe?† Co? NẺ† Cu?* Zn2† 


Figure 23-24 The rclative ionic radii of divalent ions of the 
first transition series. The white line is a theoreticaÌ curve as ex- 
plained ïn the text. 


normally little shielding between the positive metal ion and the negative ligands; 
thercfore, the ligand atoms are drawn in closer than they would be 1f the đ elec- 
trons were spherically distributed. Thus, in effect, the radius of the metal ion is 
smaler than that for the hypothetical, 1soelectronic spherical ion. In V°' this 
sarme effect is found in even greater degree because there are now three /;„elec- 
trons providing much less shielding between the metal ion and ligands than 
would three spherically distributed ở electrons. For CrŸ* and Mn”*, however, we 
have the configurations /š¿„ and ¿š,ø2, in which the electrons added to the E8 
configuration of V?* go into orbitals that concentrate them mainly between the 
metal ion and the ligands. These ¿, electrons thus provide a great deal more 
screening than would be provided by spherically distributed electrons, and in- 
decd the effcct is so great that the radii actually increase. The same sequence of 
events 1s rebeated in the second half of the series. The first three electrons added 
to the spherical /3„¿2 confguration of Mn”” go into the í;„ orbitals where the 
Screening power is abnormally low, and the radii therefore decrease abnormally 
rapidly. On going from NiŸ”, with the configuration /Š„e2, to Cu?" and ZnÊ*, elec- 
trons are added to the ø„ orbitals where their screening power is abnormally 
high, and the radii again cease to decrease and actually show small increases. 
Similar effects are found with trivalent ions, with ions of other transition S©TI©S, 
and in tetrahedral complexes. 


The Jahn-Teller Effec† 


In 1937 Jahn and Teller showed that in general no nonlinear molecule can be 
stable In a degenerate electronic state. The molecule must become distorted in 
such a way as to break the degeneracy. It develops that one of the most ImpOT- 
tant areas of application of this Jahn-Teller theorem is the stereochemistry of 
the complexes of certain transition metal ions. 

To 1llustrate, we consider an octahedrally coordinated CuẾ? ion. There is one 
vacancy In the ø orbitals, in either the đ,3_„2 or the đs orbital. If the coordina- 
tion ¡s stricdy octahedral, the two configurations độ» 2d: and đ}s_sđŸ», are of 
cqual energy. This ¡is the sense in which the electronic state of the Cu®? 1OI 1S 
doubly degenerate. However, this is a state which, according to the Jahn-Teller 
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theorem, cannot be stable, and the octahedron must distort so that the two con- 
figuratlons just mentioned are no longer of equal energy. 

Actually, it is easy to see why this will happen. Suppose the actual configura- 
tion in the ø orbitals is dì» 2d. The ligands along the z axis are mụch more 
screened from the charge of the CuŸ” ion than are the four ligands along the x 
and yaxes. The zaxis ligands will therefore tend to move further away. As they 
do so, however, the đ› orbital will become more stable than the đ.2_„2 orbital, 
thus removing the degeneracy, as is shown in Fig. 23-6. Of course, if we begin 
with a dỀ»_,»d» configuration, a distortion of the opposite kind would be ex- 
pected. The queston of which situation will actually occur is very difficult to pFr€- 
dict, and there are, in fact, still other pOossibilities. However, it is the former type 
of distortion, the elongation on one axis, that is actually observed in a large num- 
ber of Cu?" complexes. 

Thịs is well illustrated by the copper(II) halides. In each case the Cu”* ion 
has a coordination number of six, with four near neighbors in a plane and two 
more remote ones. The actual distances are shown in Fig. 23-25. 

Ít is not difficult to see that the reasoning involved in the CuZ* case will apply 
in all cases where an odd number (I or 3) of electrons would occupy the đ„ OT- 
bitals in an octahedral complex. In the case of a single electron, either the 
đ.2_„2 or the đ„z orbital could be occupied, and the occupied orbital should “bush 
away” the ligands toward which it is directed. The important cases in which this 
may be expected are 


£„e„ high-spin Cr?" and MnŸ* 


£ 


1 : 2+ -BBr 
sz#$„_ low-spin Co” and Ni 


Distortions similar to those for Cu?” are, indeed, found for the “octahedral” com- 
plexes of these lons. 


Ligand Field Stobilizotion Energies 


We learned in Section 23-2 that the đ orbitals of an ion in an octahedral fñield are 
split so that three of them become more stable (by 2A,⁄5) and two of them less 
stable (by 3A,⁄5) than they would be in the absence of the spliting. Thus, for 
example, a đ° ion will have each of its two đ electrons stabilized by 2A,⁄5, giving 
a total stabilization of 4A ⁄ð5. Recalling from Section 23-7 that A, values run 


v 
Cu—X Cu—N' 
ĐSEI |) S2” > “V (số 9.95 
⁄ý c . = Br 2.40 3.18 
mm lỗ. X=F 1.93 9.97 
X ni“... nu 
).é- 


Figure 23-25 The distorted six coordination 
found in the Cu” halides, distances in angstroms. 
This elongation of the axial Cu—X“ bonds consti- 
tutes an example of the Jahn—Teller effect. 
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about 10,000 and 20,000 cm" for di- and trivalent ions of the first transition se- 
ries, we can see that these “extra” stabilization energies—extra in the sense that 
they would not exist if the đ shells of the metal ions were symmetrical as are the 
other electron shells of the lons—wlll amount to about 100 and about 200 kJ 
mol”, respectively, for di- and trivalent đ” ions. These gưnd field siabilization en- 
erg/2s, LESEs, are of course of the same order of magnitude as the energies Of 
most chemical changes, and wIll therefore play an Important role in the ther- 
mmodynamic properties of transitlon metal compounds. 

Let us fñirst consider high-spin octahedral complexes. Every í;„ electron re- 
presents a stability Increase (i.e., energy lowering) of 2A,/⁄ð, whereas every ø„ 
electron represents a stability decrease of 3A,⁄5. Thus, for any configuration 
fÿ 21, the net stabilization will be given by (2ø/5—34/5)A,. 

The results obtained for all of the ions, that is, đ to 419, using this formula 
are collected in Table 23-4. Since the magnitude of A, for any particular complex 
can be obtained from the spectrum, it is possible to determine the magnitudes 
of these crystal field stabilizaton energies independently of thermodynamic 
measurements and, thus, to determine what part they play in the thermody- 
namics of the transition metal compounds. 

The enthalpies of hydration of the divalent ions of the first transition series 
are the energies of the processes: 


MỸ” (g) + HạO = [M(H;O)¿]?* (aq) (23-8.1) 


They can be estimated by using thermodynamic cycles. The energies calcu- 
lated are shown by the ñiled circles in Fig. 23-26. It will be seen that a smooth 
curve, which is nearly a straight line, passes through the point for the three ions, 
Ca”" (4°), Mn°*(đ”), and Zn#*(đ!9), which have no LFSE, while the points for all 
other ions lie above this line. If we subtract the LESE from each of the actual 
hydration energies, the values shown by open circles are obtained, and these 
fall on the smooth curve. It may be noted that, alternatively, LFSEs could have 
been estimated from Eïig. 23-20 and used to calculate A, values. Either way, the 
agreement between the spectroscopically and thermodynamically assessed A,, 
values provides evidence for the fundamental correctness of the idea of đ-orbital 
splitting. 


Table 23-4 Ligand Field Stabilizauon Energies, LFSEs, for 
Octahedrally and Tetrahedrally Coordinated High-Spin lons 


Stabilization Energies 


Diference, 
Number of đ Electrons Octahedral 'Tetrahedral Octahedral-Tetrahedral“ 
1,6 2A.⁄5 3A/⁄5 A„⁄10 
Đụ? 4A. ⁄5 6 A/⁄5 2A.⁄10 
3,8 6A.⁄5 4A5 8A ⁄10 
4,9 2)/ANV/4O 22 (Á\ J1, 4A. ⁄10 
0,5, 10 0 0 0 


“Sẻ =:ẽ. ——— ốc. T5. .ẽ.ce-c.c ca nan m=mmm.... 
“Assuming A,,= 2A, 


% 9 Lê : ì : 
For the đˆ and đ” ions, the ñgure obtained in this Way and given above is not exactly correct be- 
cause of the effect of configuration interaction. 


23-8 Shructural and Thermodyngamic Effecis 541 


~.3000 
n 
© 
E 
= 
B 
@œ@ 
5 
= 
,Ð 
s 
Š 2500 
Ea 


Ca S%c Tỉ V C Man Fe Co Ni Cu Zn 
Figure 23-26  Hydration energies of some divalent ions of 
the first transition series. Solid circles are the experimentally 


obtained hydration energies. Open circles are energies cor- 
rected for LFSE. 6 


Another important example of the thermodynamic consequences of ligand 
field splittings is shown in Eig. 23-27, where the lattice energies of the dichlorides 
O£ the metals from calcium to zinc are plotted versus atomic number. Once again 
they define a curve with two maxima, and a minimum at Mn*. As in Pr€vious 
cases, for all the ions having LESEs, the energies lie above the curve passing 
through the energies of the three ions that do not have ligand field stabilization 
energy. Similar plots are obtained for the lattice energies of other halides and of 
the chalconides of di- and trivalent metals. ' 

It is mportant to note that the LESEs, critical as they may be in explaining 
the đ/fre„œin energies between various ions in the series, make up only a small 
fracton, 5—10%, of the /øz energies of combination of the metal ions with the 
ligands. In other words, the LFSEs though crucially important in many ways, are 
not by any means major sources of the binding energies in complexes. 


2800 
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Ca S%Ăc Tỉ V Cr MnFe Co Ni Cu Zn 


Figure 23-27 The lattice cnergics of the 
dichlorides of the elements from Ca to Zn. 
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S†obility of Coordinolion Compounds 


Itis a fairly general observation that the equilibrium constants for the formation 
of analogous complexes of the divalent metal ions o£ Mn to Zn with ligands that 
contain nitrogen as the donor atom fall in the following order of the metal ions 
Mn”' < Fe?' < Co#! < Ni?' < Cu?” > Zn°". The LESEs are responsible for this gen- 
eral trend. If it is assumed that AS° values in the formation of a particular com- 
plex by the different metal ions wïll be essentially constant, then this order of for- 
mation constants is also the order of—=AHj” values for complex formation. Flgure 
23-26 shows that this order 1s the same as the order of hydration energies Of 
øaseous ions. When an aqueous aqua ion, [M(H;O)¿|] ?*, reacts with a set of li- 
gands to form a complex, LFSE In the complex is usually greater than that in the 
aqua ion. In cach case, it will be greater by about the same fraction, say 20%. 
Thus, In each case, the replacement of water molecules by the new ligands will 
have a —AH? value that is proportional to the LEFSE and the magnitudes of these 
-AH” values are In the same order as the LESEs themselves. 


STUDY GUIDE 


Scope œnd Purpose 


We have continued the discussion o£coordination compounds that was begun in 
Chapter 6. The various theoretical treatments that have been presented are the 
electrostatic or crystal fñeld model and the delocalized MO model. Each has its 
advantages, and the student should become comfortable with the language and 
the approach of both theories. The secdon on electronic absorption spec- 
troscopy is certainly optional, but it đoes provide a concise sketch of a very im- 
Portant area of research into coordination compounds. The approaches to 
bonding theory that are presented here will be of great importance to the dis- 
Cusslons In subsequent chapters. 


Study Quesftions 


A. Review 


1. What is a practical definition o£ a transition element? What fraction Of the approxi- 
mately 109 known elements are of this type? 


2. List some of the important characteristics of the transition elements. 


3. Make drawings of the đ orbitals, and state which fall into the 6; and which fall into 
the /;„ setin an octahedral ligand field. 


4. What is the “center of gravity” rule and how does it apply to the splitting of the đ or- 
bitals in octahedral and in tetrahedral ligand fields? 

5. Prepare a diagram that traces how the đ-orbital spliting pattern changes as an octa- 
hedral complex is altered via a tetragonal distortion that is first weak and then 
reaches the extreme case where a square, four-coordinate complex is obtained. 


6. According to the crystal field theory, the ú„ and /;„orbitals are purely metal đorbitals. 
How ïs this different from the approach of MO theory? 


7. By using orbital spliting diagrams, show which đ” electron configurations are capa- 
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ble of giving both lowspin and high-spin configurations in an octahedral ligand 
field. : 


8. Calculate the spin-only magnetic moments that are expected in each case from 
Problem 7. 

9. Why are đ-đ electronic transiions weakly absorbing? Why are the absorptons ob- 
servable at all, ¡f they are forbidden? 


10. Use the Tanabe-Sugano diagrams to show which 4” configurations that are hiph spIn 
in the presence o£ a weak ligand field can become low spin at high values of the li- 
gand field strength. 

11. What is the spectrochemical series, and what limitations must be remembered in 
using it? 

12. Which electronic transitions for a đ” ion are spin allowed? 

13. How does A, change on going from one octahedral complex to another with the 
same ligand set, but (a) Min place of MỶ* or (b) a second series transition element 
in place of a first transition series element? 

14. Explain the correlation between ion size and the number of đ electrons. 

15. Use Cr”" to illustrate the influence of the Jahn-Teller effect on the 8round-state 
Sstructures oÊ certain transition metal complexes. 

16. Calculate, in units of A,, the LFSEs of the following high-spin ions in their octahedral 
complexes Fe”", Mn”*, Mn?*, Co#', 


B. Addilondl Exercises 


1. How should the đ-orbital splitting pattern for a tetrahedral complex be modified if 
the tetrahedron ¡s flattened? Elongated? 

2. What #orbital splitting pattern would you expect for (a) a linear L—M—L complex. 
(b) a planar and triangular ML¿ complex, (c) a pyramidal ML¿ complex, (d) a tri- 
gonal bipyramidal ML; complex, (e) a square pyramidal ML; complex? 

3. What đ-orbital sphtting pattern would you expect for an ML¿ complex with the eight 
ligands situated at the corners of a cube? 

4. The complex [NiCHL,]”” is paramagnetic with two unpaired electrons, while 
[Ni(CN)„]?” is diamagnetic. Deduce the structures of these two complexes and ex- 
plain the observations in terms of ligand field theory. 

5, Predict the relative posiions o£ the absorption maxinum in the spectra OÊ 
[TI(GN)s]”, [fi@l]”, and [T¡(H;O)§]””. 

6. What geometry do you expect for four-coordinate complexes of Zn”'? Explain in 
terms of LEFSEs. 

7. Predict the magnetic properties and the LEFSE for cach of the following: 

(a) [Fe(CN)s]” (b) [Ru(NH,)¿]? 

(c) [Go(NH;)s]” (4) [CoCI,]”” 

(e) [Fe(H;O),]?” Œ) [Mn(H;O),]Ÿ” 
(g) [CoFs]” (h) [Cr(H;O)s]”" 

8. Why are tetrahedral complexes usually not low spin? 

9. Prepare a drawing that shows the 7-bond system that ¡s responsible for the high po- 
siion of CO in the spectrochemical series. Clearly show the donor orbital of the 
metal and the acceptor orbital of the CO ligand. 

10. Consider the data of Fig. 23-24. For which ion 1s the effective nuclear charge high- 
est? Why? 

11. Use the appropriate Tanabe-Sugano diagram to estimate the positions o£ the three 
absorption bands for [Ni(en);]Ÿ". 
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12. Give the electronic state symbol for the ground electronic state arising from each of 
the octahedral đ” electron configurations, including high-spin and low-spin possibil- 
ities where appropriate. 
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THE ELEMENTS OF THE 
FIRST TRANSITION SERIES 


24-1 


24-2 


As we have seen from their position in the periodic table (Section 9-5), the met- 
als of the first transition series show variable valency. In this chapter we fñirst dis- 
cuss some of their common features and then consider the chemistry of indi- 
vidual elements. 


The Metdls 


The metals are hard, refractory, electropositive, and good conductors of heat 
and electricity. The exceptdon is copper, a soft and ductile metal, relatively noble, 
but second only to Ag as a conductor of heat and electricity. Some properties are 
gIven in Table 24-1. Manganese and iron are attacked fairly readily but the oth- 
ers are generally unreactive at room temperature. All react on heating with halo- 
gens, sulfur, and other nonmetals. The carbides, nitrides, and borides are com- 
mmonly nonstoichiometric, interstitial, hard, and refractory. 


The Lower Oxidation S†otes 


The oxidation states are given 1n Table 24-2, the most common and important 
(especially in aqueous chemistry) in bold type. Table 24-2 also gives the đ elec- 
tron configurations. Their chemistry can be classified on this basis; for example, 
the đÊ series is V1, Cr9, Mnl!, Fe”, Co”", and NỈŸ. Comparisons of this kind can 
Occasionally emphasize similaritiles in spectra and magnetic properties. However, 
the differences in properties of the đ” species due to differences in the nature of 
the metal, its energy levels, and especially the charge on the ion, often exceed 
the sumllarIties. 


1. The oxidation states less than H. With the exceptlon of copper, where 
copper() binary compounds and complexes and the Cu” ion are known, the 
chemistry of the I, 0, -I, and -H formal oxidation states 1s entirely concerned 
with: 

(a) m-Acid ligands such as CO, NO, PR;, CƠN", and bpy. 
(b) Organometallic chemistry in which alkenes, acetylenes, or arormatic 
_§ystems, such as benzene, are bound to the metal. 
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Table 24-2 Oxidation States of FEirst Series Transition Elements° 
Ta... ` ..ÔjÀ._ ___ 


ii V (Gr Mn Fe Co Ni ŒGu 

0 ad 0 đề 0 đ7 0 đ° 0 2 0 2!9 

1L" 1® 1 1 đẺ "... luc 
VI: s.. giữ 3 v2 Viên LẬP, NI 5á 20 
3đ! 3.4? 3 d SÌNG 3⁄4" 3 d9 3 d7 3 d8 
4 49 #eq' 4 d° 4 — 4 d4! 4 d 4 d8 

5 j9 5đ! Lộ rác 5 đ! 

6 đ° 6 dđ! 6 3đ? 
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“Formal negative oxidation states are known in compounds of 7acid ligands, for example, Fe" in 
[Fe(CO)¿]*“, Mn”' in [Mn(CO);]7, and so on. 


There is an extensive chemistry of mixed compounds such as (r\)-C;H¿)Cr(CO); 
or (n*-C,H,)Fe(CO);. These topics are described im Chapters 28 and 29. Some 
organometallic compounds in higher oxidation states are known, however, mainly 
for the cyclopentadienyl ligand as in (n”-C;H;)„TỶŸCl;, (n°-C;H,);Fe", and [(nễ- 
C;H;);¿Co”"]*. With acid or organic ligands, transition metals also form many 
compounds with bonds to hydrogen, for example, H;Fe(PF¿) „. Compounds with 
M——H bonds are very Important in certain catalytic reactions (Chapter 30). 

2. The II oxidation state. The binary compounds in this state are usually 
lonic. The metal oxides are basic; they have the NaCl structure but are often 
nonstoichiometric, particularly for Ti, V, and Fe. The zgwø ?øns, [M(H;O)g¿]”!, 
except for the unknown TIỂ” ion, are well characterized in solution and in crys- 
talline solids. he potentials and colors are given In Table 24-3. Note that the 
V”*, Crˆ", and Fe#" ions are oxidized by aïir in acidic solution. 


The aqua lons may be obtained by dissolution of the metals, oxides, car- 
bonates, and so on, in acids and by electrolytic reduction of MỸ” salts. Hydrated 
salts with noncomplexing anions usually contain [M(H;O)¿]°”; typical ones are 


Cr(ClO,),z6HO  Mn(ClO,)g6HO  FeFz8HO - FeSO¿z7H,O 


However, certain haide hydrafes do nót contain the aqua 1on. Thus VỚI;*4H,O ¡s 
transVCGI;(H;O)¿, and MnCI;:4H;O 1s a polymer with œs-MnC]1,(H;O)¿ units; 
the diaqua species of Mn, Fe, Co, Ni, and Cu have a linear polymeric edge-shared 
chain structure with Øzøs-|MCL,(H,O),] octahedra. The EeCl;-6H,O com- 
pound contains /rzzs-FeCl;(H;O)¿ unIts. 

The water molecules of [M(H,O)g¿]Ÿ* can be displaced by ligands such as 
NH, en, EDTA“", CN;, and acac. The resulting complexes may be cationic, neu- 
tral, or anionic depending on the charge of the ligands. For Mn' complexes, the 
formation constants in aqueous solution are low compared with those of the 
other ions, because of the absence of ligand field stabilization energy 1n the dễ 
ion (Section 23-8). In complexes the ilons are normally oe/abedzal, but for the 
CuZ' and CrỶ"' ions two HO molecules in trans positions are much further from 
the metal than the other four equatorial ones, because of the Jahn-Teller effect 
(Section 23-8). For Mn, the complex [Mn(edta)H;O] is seven coordinate. With 
halide ions, SƠN”, and some other ligands, #øhzdral specles MX?” and MX;L¿ 
may be formed, the tendency being greatest for Co, Ni, and Cu. 
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Addition of OH- to the MỶ” solutions gives #yđrox/đ2s, some of which can be 
obtained as crystals. The compounds Fe(OH); and Ni(OH); have the brucite, 
Mg(OH);, structure. On additon of HCO; the carbonates of Mn, Ee, Co, NỊ, 
and Cu are precipitated. 


The III Oxidation S†ate 


AlI of the elements form at least some compounds ín this state but for Cu only a 
few complexes, not stable toward water, are known. 

The ñuorides (ME;) and oxides (M;O;) are generally ionic but the chỉlo- 
rides, bromides, and iodides (where known), as well as sulfides and similar com- 
pounds, may have considerable covalent character. 

The elements Ti to Co form octahedral ions, [M(H,O)¿]?'. The CoŸ* and 
MnŸ” ions are very readily reduced by water (Table 24-3). The Ti” and VỶ* ions 
are oxidized by aïr. In aqueous solution high acidities are required to prevent hy- 
drolysis, for example, 


[Ti(H;O)„]#! = [Ti(H,O),OH]?*+H*: K=1.3x10^ (943.1) 


Additon o£OH' to the solutions gives #yđrơws ox¿des rather than true hydroxides. 
In fairly concentrated halide solutons, complexes of the type [MCI(H;O),]?*, 
[MOI;(H;O)„]”, and so on, are commonly formed, and crystalline chlorides of 
V, Fe, and r are of the type #zøs-[VCI;(H;O)„]*CI-2H,O. The alums, such as 
CsTi(SO/,)z: 12H:O, or KV(SO/)z-12H¿O contain the hexaaqua ion as do certain 
hydrates like Fe(C1O,);:10H;O. 

There are many anionic, cationic, or neutral M'" complexes, which are 
mostly øefahedral. For Cr"" and, especially for Co, hundreds of octahedral com- 
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plexes that are substitutionally inert are known. Representative octahedral com- 
plexes are [TiFạ]?”, [V(CN)s]”, Cr(acac)s, and [Co(NH;)¿] “. 

The halides (MX;) act as Lewis acids and form adducts, such as 
VX;(NMe;);, and CrCls(thf);, as well as the ionic species [VCL]7, [CrGL]', and 
SO ONn. 

A special feature of the MỸ” ions is the formation o£ basic carboxylates In 
which an O atom is in the center of a triangle of metal atoms (Structure 24-]). 
The latter are linked by carboxylate bridge groups, and the sixth coordination 
pOosition is occupied by a water molecule or other ligand. This oxo-centered unit 
has been proved for carboxylates of V, Cr, Mn, Fe, Co, Ru, Rh, and Ir. 


The IV and Higher Oxidotion Siates 


The IV state 1s the most Important state for Tï, where the main chemistry 1s that 
of TìO; and “HICL, and derivatives. Although there are compounds like VClL, the 
main VÌ chemistry is that of the oxovanadium(IV) or vanadyl ion VOẺ”. Thịs ion 
can behave like an M”' ion, and it forms many complexes that may be catiorIc, 
neutral, or anionic, depending on the ligand. 

For the remaining elements, the IV oxidation state is not very common 
or well established except in fluorides, fuorocomplex ions, oxo anions, and a 
few complexes. Some tetrahedral compounds with —OR, —NR;, or —CR;, 
ðToups are known for a few elements, notably Cr; examples are Cr(OCMe;)„ and 
Cr(1-norbornyl]) ¿.- 

The oxidation states V and above are known for V, Cr, Mn, and Fe in fluo- 
rides, Iuorocomplexes or oxo anions (e.g., CrF;, KMnO,, and K;FeO,). All are 
powerful oxidizing agents. 


TITANIUM 


24-5 


Generdol Remorks: The Elemen† 


Titanium has the electronic structure 3đ”4s°. The energy of removal of four elec- 
trons is so hiph that the TỶ” ion may not exist and titanium(IV) compounds are 
covalent. There are some resemblances between TửỶY and SnŸ and their radii are 
similar. Thus TiO: (rutile) is Isomorphous with SnO; (cassiterite) and is similarly 
ycllow when hot. Titanium tetrachloride, like SnGC]¿, 1s a distillable liquid readily 
hydrolyzed by water, behaving as a Lewis acid, and giving adducts with donor 
molecules. The bromide and iodide, which form crystalline molecular lattices, 
are also Isomorphous with the corresponding Group IVB(14) halides. 

Titanmium ïs relatively abundant in the earth's crust (0.6%). The main ores 
are zin (EFeTiO;) and ri, one of the several crystalline varieties of TIO;. 
The metal cannot be made by reduction o£ TIO; with C because a very stable car- 
bide ¡is produced. The rather expensive Kroll PrOC€Ss 1s used. llmenite or rutile 
1s treated at red heat with C and Cl; to give TiCl„, which is fractionated to lie€ TL 
from impurides, such as FeCl;. The TiCl, is then reduced with molten Mg at 
about 800 °C in an atmosphere of argon. This 81ves Tï as a spongy mass from 
which the excess of Mg and MgCl; is removed by volatilization at 1000 °C. The 
sponge may then be fused in an electric arc and cast into ingots; an atmnosphere 
O£ Ar or He must be used since Tỉ readily reacts with Ñ; and O; when hot. 


24-7 Titanium(IV) Complexes 551 


Titanium is lighter than other metals of similar mechanical and thermal 
Properties and is unusually resistant to corrosion. It is used in turbine engines 
and Iindustrial chemical, aircraft, and marine equipment. Ĩt is unattacked by di- 
lute acids and bases. It dissolves in hot HCI giving Tỉ"" chloro complexes and in 
HE or HNO;: + HF to give fluoro complexes. Hot HNO; gives a hydrous oxide. 


TITANIUM COMPOUNDS 


The most important stereochemistries in titanium compounds are the following: 


202 Octahedral : 
1n most compounds and In soÌution 


"PÌ Octahedral 
"HN" Tetrahedral in T¡C1,, Ti(CH,C2¿H,)¿, and so on 
Octahedral in TÍO; and TỷỶ complexes 


24-6  Binory Compounds of Titanium 


24-7 


THan?um tefrachloride, a colorless liquid (bp 136 *C), has a pungent odor, fumes 
strongÌy in molst air, and is vigorously, though not violently, hydrolyzed by water. 


T¡C1, + 2 HạO = TiO; + 4 HCI (24-6.1) 


Partially hydrolyzed species are formed with a deficit of water or on addition o£ 
TICL to aqueous HC. 

Tian?um oxide has three crystal forms—rutile (see Flg. 4-]l), anatase, and 
brookite—all of which occur in nature. The dioxide that 1s used in large quanti- 
ties as a white pigment ín paints 1s made by vapor phase oxidation o£ TICL, with 
oxygen. The precipitates obtained by addition of OH” to TỶŸY solutons are best 
regardcd as hydrous TiïO;, not a true hydroxide. This material is anphoteric and 
dissolves In concentrated NaOH. 

Materials called “titanates” are of technical importance, for example, as fer- 
roelectrics. Nearly all of them have one of the three major mixed metal oxide 
structures (Section 4-8). Indeed, the names 0 two of the structures are those of 
the tiañium compounds that were the first found to possess them: FeTHiO; (¿E 
men#e) and Ca TIO; (berousk¿12). 


Titanium(IV) Complexes 
Aqueous Chemistry: Oxo Sdlfs 


There is no firm evidence for the Ti” aqua ion. In aqueous soludons of TY 


there are only oxo species; basic oxo salts or hydrated oxides may be precipi- 
tated. These oxo salts have formulas such as TïOSO,HO and 
(NH,);T¡iO(C¿Ox¿);°H;O, and have chains or rings, (H—O——TI—O—)„. There 
is spectroscopic evidence for TiO”" only in 2 M HGCIO¿ solution, although some 
compounds with a Ti=O group have been characterized. 
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Anionic Complexes 


The solutions obtained by đissolving the metal or hydrous oxide in aqueous HE 
contain fluoro cornplex lons, mainly [TIEs] ?~, which can be isolated as crystalline 
salts. In aqueous HGI, T¡C1¿ gives yellow oxo complex anions but from solutlons 
saturated with gaseous HCI, salts of the [TIC1¿] ?“ lon may be obtained. 


Adducts of TiX„ 


The halides form adducts, TiX„L or TIX„L¿, which are crystalline solids that are 
often soluble in organic solvents. These adducts are Invarlably ocfahedzzi. Thus 
[TIOL(OPC];) ]¿ and [T¡iCL(CH;COOC.H;) ];¿ are dimeric, with two chlorine 
bridges, while TICl,(OPCI;); has octahedral coordination with œs-OPC]; groups. 


Peroxo Complexes 


One of the most characteristic reactions of aqueous Tỉ solutions is the develop- 
ment oÊ an Intense orange color on addition of HạO;. This reaction can be used 
for the colorimetric determination ofeither Tỉ or of HạO;. Below pH 1, the main 
species is [Ti(O;) (OH)]7(aq). 


Solvoly†ic Reoctions of TiCI,: Alkoxides and Reloted Compounds 


Tianium tetrachloride reacts with compounds containing active hydrogen 
atoms with loss of HƠI. The replacement of chloride is usually incomplete in the 
absence ofan HCI acceptor such as an amine or alkoxide ion. The zi#ox¿da$ are 
typical of other transition metal alkoxides, which we shall not điscuss. They can 
be obtained by reactions such as 


T¡CL, + 4 ROH + 4 RNH;——> Ti(OR)„+4RNH,Cl (94-71) 


The alkoxides are liquids or solids that can be distilled or sublimed. They are sol- 
uble in organic solvents such as benzene, but are exceedingly readily hydrolyzed 
by even traces of water, to give polymeric species with —OH—— or —O— bridges. 
The initial hydrolytic step probably involves coordination of water to the metal; 
a proton on H;O could then interact with the Oxygen of an OR group through 
hydrogen bonding, leading to hydrolysis: 


BÁC HỘ 
xO—M(OR),—>  ÌO—M(OR),, (24-7.9) 
| 
H H----- :Ò 


bề 
R 


M(OH)(OR),_, + ROH 


Although monomeric Species can exist, for cexample, when made from sec- 
ondary and tertary alcohols, and in dilute solution, alkoxides are usually poly- 
mers. Solid T¡i(OC¿H;)¿ is a tetramer, with the structure shown in Fig. 24-1. The 
alkoxides are often referred to as “alkylitanates” and under this name they are 
used in heat-resisting paints, where eventual hydrolysis to TiO; occurs. 
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Figure 24-Ï The tetrameric structure of Ti(OC;H;)¿. Only 
Tì and O atoms are shown. Each Tï is octahedrally coordinated. 


Another class of titanium compounds, the đ¿4/ky/zmdss, are aÌso representative 
Of similar compounds of other transition metals. These are liquids or volatile solids 
readily hydrolyzed by water. Unlike the alkoxides they are not polymeric. They are 
made by reaction o£ the metal halide with lithium dialkylamides: 


T¡CL, + 4 LiNEt; = Ti(NEt,)¿ + 4 LiC] (24-7.3) 


Such amides can undergo a wide range of “insertion” reactions (Section 30-3); 
thus with CS., the dithiocarbamates are obtained. 


Ti(NEt¿)„ + 4 CS; = Ti(S,CNEt,)„ (24-7.4) 


The Chemistry of Titanium(III), d', and Titanium(1I), d2 


Binary Compounds 


Titamum trìchioride (TỊCH;) has several crystalline forms. The violet œ form 1s 
made by H; reduction o£ TïCL¿ vapor at ð00—1200 °C. The reduction o£ TIC]; by 
aluminum alkyls (Secton 30-10) in inert solvents gives a brown B form that is 
converted into the œ form at 250-300 °Œ. The œ form has a layer lattice con- 
taining TICl¿ groups. The -TïCI; ¡s fibrous with single chains o£ TICl¿ octahedra 
sharing edges. This structure ¡is of particular importance for the stereospecific 
polymerization of propene using T¡C]; as catalyst (Ziegler-Natta process) 
(Section 30-9). 
The đjchlorid¿ is obtained by high temperature syntheses: 


T¡C1, + T¡ = 2 T¡Cl; (24-8.1) 


OT 
2 T¡Cl, = T¡C1; + TiCl, (24-8.2) 


Aqueous Chemistry and Complexes 


Aqueous solutions of the [Ti(H;O)gs]?? ion are obtained by reducing aqueous 
TY either electrolytically or with zinc. The violet solutlons reduce O; and, 
hence, must be handled in aN; or H; atmosphere. 
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“TiO??(aq)”+ 2 H* +” = TỪ" + HạO E°=about0.IV (248.3) 


The Ti" solutions are used as fairly rapid, mild reducing agents in volumetric 
analysis. In HCI solutions the main species is [TICI (H.,Gjn 

There is no aqueous chemistry of TÌ” because of its ready oxidation, but a 
few Tï” complexes, such as [TiCI¿]Ÿ”, can be made in nonaqueous media. 


VANADIUM 
24-9 The Elemeni 


Vanadium 1s widely distributed but there are few concentrated đeposits. Ít OCCUrs 
in petroleum from Venezuela, and is recovered as V,O; from flue dusts after 
combustion. 

Very pure vanadium is rare because, like titanium, it is quite reactive toward 
O¿,N;, and C at the elevated temperatures used in metallurgical processes. Since 
1s chief commercial use is in alloy steels and cast Iron, to which it lends ductility 
and shock resistance, commercial production 1s mainly as an iron alloy, /- 
T0oUgngdiu1m. 

Vanadium metal is not attacked by air, alkalis, or nonoxidizing acids other 
than HF at room temperature. It dissolves in HNO;, concentrated H;SO,, and 
aqua regia. 


VANADIUM COMPOUNDS 


The stereochemistries for the most important classes of vanadium compounds 
are the following: 
l. Octahedral as in [V(H;,O)g¿]?®* 
` VE;(s) or [V(ox);]”” 
1etrahedral as in VCI¿ or V(CH;SiMe;)„ 


Và Square pyramidal in O=V(acac)s 
Octahedral in VO,, K;VCI¿, O==Vf(acac)spy, and so on 
Xẵ" Octahedral as in [VO;(ox)s]Ÿ”, VF; (s) 


24-10 Binary Compounds 
Holides 


In the highest oxidation state only VF; is known. The colorless liquid (bp 48 °C) 
has a high viscosity (cf. SbF;, Section 17-4) and has chains of VEs octahedra 
linked by œs-V——F—V bridges; it is monomeric in the VApOT. 

The /øfrachloride 1s obtained from V + Cl; or from CCL¿ on red-hot V„O,. It is 
a dark red oïil (bp 154 °C), which is violently hydrolyzed by water to ø1ve solutions 
O£ oxovanadium(IV) chloride. It has a high dissociadon pressure and loses chlo- 
rine slowly when kept, but rapidly on boiling, leaving violet VCI¿. The latter may 
be decomposed to pale green VCI;, which is then stable. 
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2 VCI;(s) —> VCI,(s) + VCI,(g) (24-10.1) 
VCI;(s) ——> VCI,(s) + ‡ Cl,(g) (24-10.9) 


Vơnodium(V) Oxide 


Addition o£ dilute H;SO/ to solutions of anmonium vanadate gives a brick-red 
precipitate o£ V:O,. This oxide is acidic and dissolves in NaOH to give colorless 
solutions containing the øzzzdz/e ion, [VO„]?”. On acidification, a complicated 
S€ries Ofreactions occurs involving the formation of hydroxo anions and polyan- 
lons (c£. Section 5-4). In very strong acid solutions, the đ?oxouanad¿wm(V) tơn 
(VOð) is formed. 


Oxovangdium lons and Complexes 


The two oxo cations VO¿ and VO”* have an extensive chemistry and form nu- 
merous complex compounds. All of the compounds show IR and Raman bands 
that are characteristic for M==O groups. The VO¿ group is angular. Examples of 
complexes are œs-[VO,CI,]””, œs-[VO;edta]”, and œs-[VO;(ox);]””. The cis 
arrangement for dioxo compounds of metals with no ở electrons is preferred 
over the trans arrangement that 1s found in some other metal dioxo systems 
(e.g., [RuO;]#”) because the strongly ø-donating O ligands then have exclusive 
use of one đr orbital each (đ„ đ„ ) and share a third one (đ,.), whereas in the 
trans configuration they would have to share two đw# orbitals and leave one 
unused. 

The oxovanadium(IV) or vanadyl compounds are among the most stable 
and important of vanadium species, and the VÕ unit persists through a variety 
of chemical reactions. Solutions of VỶ* are oxidized in air, while VỲ is readily re- 
duced by mild reducing agents to form the blue oxovanadium(IV) ion, 
[VO(H;O),]” 


VO®* + 9 H* +e- = V?*+ HạO E°=0.34V ` (24111) 
VO‡+2H*+e =VO*+H,O  E°=1.0V (24-11.9) 


Additon of base to [VO(H,O),]?" gives the yellow hydrous oxide VO(OH);, 
which redissolves in acids giving the cation. 

Oxovanadium(IV) compounds are usually blue green. They may be either 
five-coordinate square pyramidal (Structure 24-II) or six-coordinate with a dis 
torted octahedron. Examples are [VO(bpy);zCl]”, VO(acac)s, and [VO (NCS)„]*-. 
The VO bonds are short (1.56-1.59 Ả), and can properly be regarded as multi- 
ple ones, the # component arising from electron flow O(ZmØ) —> V(đn). Even in 
VO,, which has a distorted rutile structure, one bond (1. 76 Ả) 1S COTSDICuousÌy 
shorter than the others in the VO, unit (note that in TO; all T—O bonds are 
substantially equal). 

AlI of the fñive-coordinate complexes, such as Structure 24-H, take up a sixth 
ligand quite readily, becoming six coordinate. 
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24-12 The Vangadium(Ill) Aquda lon and Complexes 


The electrolytic or chemical reduction of acid solutions of vanadates or VỲŸ so- 
lutions gives solutions ofV”” that are quite readily reoxidized to VO?*, Crystalline 
salts can be obtained. Addition o£ OH” precipitates the hydrous oxide V;O¿. 


24-13 Vanadium(II) 


When V'” solutions are reduced by Zn in acid, violet airsensitive solutions of 
[V(H;O)¿]#* are obtained. These are oxidized by water with evolution of hydro- 
gen despite the fact that the VỶ°/VỶ potential (Table 24-3) suggests otherwise. 
Vanadium(TI) solutions are often used to remove traces of O; from inert gases. 

_ The salt [V(H;O)¿]SO/„ 1s obtained as violet crystals on addition of ethanol 
to reduced sulfate solutions. Because of its đŠ coniguration the [V(H,O)„]Ê* ion 
like [Cr(H;,O)gs]Ê* is kinetically inert, and its substitution reactions are relatively 
sỈOW. 


CHROMIUM 
24-14 The Elemen† Chromium 


Apart from stoichiometric similarities, chromium resembles the Group VIB(16) 
elements of the sulfur group only in the acidity o£ CrO; and the covalent nature 
and ready hydrolysis of CrO,CI; (c£. SO;, SO,C];). 

The chief ore is chzoziie, FeCrzO,„, which is a spinel with Cr”' on octahedral 


sites and Fe” on the tetrahedral ones. It is reduced by C to the carbon-contain- 
¡ng alloy ferrochromium. 


FeCr,O,+4C--””!. šWE/9G+ CÓ (24-14.1) 
When pure Cr is required, the chromite is ñrst treated with molten NaOH and 


O; to convert the Cr”” to CrOf”. The melt is đissolved in water and sodiun 
dichromate is precipitated. This Pr€cipitate ¡is then reduced. 


h 
Na;CnO; +2 C—®—› Cr.O, +Na„CO, +CO (24-14.2) 
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Next, the oxide is reduced. 


Kt EM2/AI 2 ;AI,O;+2/Gr (24-14.3) 
Chromium is resistant to corrosion, hence its use as an clectroplated pro- 


tective coating. It dissolves fairly readily in HCI, H;SO„, and HCIO,, but it is pas- 
sivated by HNO¿. 


CHROMIUM COMPOUNDS 


The most common stereochemistries for chromium compounds are the fol- 


lowing: 
Crñ 
cạn Octahedral as in [Cr(H;O)¿]#' (distorted) or [Cr(NH;)s]Ê* 
CrY  Tetrahedral asin Cr(O-/-Bu)„ 
€ V 
m. | Tetrahedral as in [CrO„]Ÿ~, [CrO„]?”, CrOs 


24-15 Binory Compounds 
Holides 


The anhydrous Cr” halides are obtained by acdon of HCI, HBr, or lạ on the 
metal at 600-700 °C or by reduction of the trihalides with H; at 500-600 °C. 
CrCl; dissolves in water to give a blue solution of the CrẺ” ion. 

The red-violet trichloride, CrCl;, is made by the action o£ SOCI; on the hy- 
drated chloride. The flaky form o£ CrC]; 1s due to Its layer structure. 

Chromium(IH) chloride forms adducts with donor ligands. The violet 
tetrahydrofuranate, ƒøe-CrC]; (thf) ;, whích crystallizes from solutions formed by 
the acton o£a little zinc on CrC]; im thỂ, 1s a particularly useful material for the 
preparatlon of other chromium compounds, such as carbonyls or organometal- 
lic compounds. 


Oxides 


The green œ-CrzO; (corundum structure) is formed on burning Cr in Ô;, on 
thermal decomposition o£ CrÒ;, or on roasting the hydrous oxide (CrzOz*z HO). 
The latter, commmonly called “chromic hydroxide,” although its water content is 
variable, is precipitated on addition of OH to solutions o£ Crf salts. The hy- 
drous oxide is amphoteric, dissolving readily in acid to give [Cr(H;O)¿]Ÿ", and 
in concentrated alkali to form “chromites.” 

Chromium oxide and chromium supported on other oxides, such as Al;O¿, 
are important catalysts for a wide variety OŸ reactions. 

Chromzurm(VT)ox¿de, CrOs, 1s obtained as an orange-red precipitate on adding 
sulfuric acid to solutdons of NasCrzO». It is thermally unstable above its melting 
point (197 °C), losing O; to give CrzO;. The structure consists oŸ infinite chains 
of CrO, tetrahedra sharing corners. This oxide is soluble in water and 1s highly 
poisonous. 
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Interaction of CrO; and organic substances is vigorous and may be explo- 
sive, but CrO; is used in organic chemistry as an oxidant, usually In acetic acid 
as solvent. 


24-16 The Chemisiry of Chromium(I), đ^ 


Aqueous solutions of the blue cÈrơmwwznm(TI) ¿ơn are best prepared by dissolving 
electrolytic Cr metal in dilute mineral acids. The solutions must be protected 
from aiïr (Table 24-3)—even then, they decompose at rates varying with the acid- 
1fy and the anions present, by reducing water with liberation of H;. 

The mechanisms of reductions of other ions by CrŸ* have been extensively 
studied, since the resulting tp complex Ions are substitutilon inert. Much in- 
formation regarding ligand-bridged transition states (Secton 6-5) has been ob- 
tained in this way. 

Chromium(H) zøz/, Crạ(O;CCH;)„(H;O);¿, is precipitated as a red solid 
when a CrŸ" solution is added to a solution of sodium acetate. Its structure is typ- 
ical of carboxylate-bridged complexes with water end groups (Structure 24-X). 
The short Cr—Cr bond (9.36 Ả) and diamagnetism are accounted for by the ex- 
istence of a quadruple Cr—Cr bond, consisting of a Ø, two 7, and a ồ compo- 
nent. This was the fñirst compound containing a quadruple bond to be discov- 
ered (1844). 


24-17 The Chemistry of Chromium(III), đ° 
Chromium(ill) Complexes 


There are thousands of chromium(HI) complexes which, with a few €xceptions, 
are all six coordinate. The principal characteristic is their relative kinetic inert- 
ness in aqueous solutions. Ït is because of this that so many complex species can 
be ïsolated, and why much o£ the classical complex chemistry studied by early 
workers, notably S. M. Jørgensen and A. Werner, involved chromium. These 
complexes persist in solution, even where they are thermodynamically unstable. 

The hexaaqgua iơn, [Cr(HạO)s¿]Ÿ*, occurs in numerous salts, such as the violet 
hydrate, [Cr(H;O)¿]C];, and alums, M'Cr(SO,);-12H,O. The chloride has three 
Isomers, the others being the dark green #rz»s-[CrCIl,(H,O)„] CI-2H;O, which is 
the usual form, and pale green [CrCI(H;O);]C1;:H„O. The ion is acidic and the 
hydroxo ion condenses to give a dimeric hydroxo bridged species. 


H 4+ 
O@ 


—H† Z.N 
[Cr(H,O),]"  [Gr(H;O),OH]?! = ngàn, „¬.. 


'© 


(24-17.1) 


On addition of further base, soluble polymeric Specles of high-molecular weight 
and eventually dark green gels of the hydrous oxide are formed. 

The most numerous complexes are those of amine ligands. These l¡- 
gands provide examples of virtually all the kinds of isomerism possIble in oc- 
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tahedral complexes. In addition to the mononuclear species, for example, 
[Cr(NH;);CI]°*, there are many polynuclear complexes in which two or 
Sometimes more metal atoms are bridged by hydroxo groups or, less com- 


monly, oxygen in a linear Cr—O——Cr group. A representative example 1s 
L(NH,;);Cr(OH)Cr(NH;),]”". 


24-18 The Chemistry of Chromium(IV), d2, and Chromium(V), đ' 


The most readily accessible of these rare oxidation states are those with bonds to 
C, N, and O. A representative synthesis Is 


h 
CrCl, (th£); +4 LiCH,SiMe, => Li[Cr"(CH,SiMe,),]+31LáC (94-18.1) 
[Cr(CH;SiMe;)„]” —— Cr(CH,SiMe,)„ +e~ (24-18.2) 


The oxidation of the green Cr”” anion to the purple, petroleum-soluble CrfŸ 


compound can be made by air. The alkoxides and dialkylamides are similarly 
made from ƒwzc-CrCl;(thf);; one example is the đark blue Cr(OCMe;)¿. 

For CrŸ some chromites containing CrOjÏ” are known. Reducton of 
CrO; with concentrated HCI in the presence of alkali ions at 0 °C gives salts 
M;[Cr”OQI;]. 


24-19 The Chemisiry of Chromium(VI), đ° 
Chromole œnd Dichromote lons 


In basic solutions above pH 6, CrO; forms the tetrahedral yellow cðrøomwa#e ion, 
CrO42-. Between pH 2 and 6, HCrO¿ and the orange-red đ/cbrơmafeion, CrạOŸ$”, are 
in equilibrum. At pH values below 1 the main species is HạCrO,. The equilibria are 


ằớG,= 6O THẺ K-=Il02° (24-19.1) 
E167, = =HGO.+HẺ K=4lI (24-19.2) 
GpsQO*2eh4ET1ZGWSSS;/2IHCrO- K=los° (24-19.3) 


In addition, there are the base-hydrolysis equilibria 


CrạOŸÿ- + OH- —> HCrOz + CrO?” (24-19.4) 
HGŒrƠz + OH- —>ŒrO? + H,O (24-19.5) 


The CrO?” ion ¡is tetrahedral; CrạOZ~ has the structure shown in Fig. 24-2. 

The pH-dependent equilibria are quite labile and on addition of cations that 
form insoluble chromates (e.g,., Baˆ', Pbˆ*, and Ag”), the chromates and not the 
dichromates are precipitated. Only for HNO; and HOIO, are the equllibria as 
given previously. When HCI is used, there 1s essenfially quantitative conversion 
into the c#/orocbromwaie ion, while with sulfuric acid a sulfato complex results. 


Gf⁄(OH)- 2T (fS- CrG@CT + HO (24-19.6) 
TtO,(Gf1)531190;, => CrO;(OSO,)2+H,O r: (24-19.7) 


Só0 
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Figure 24-2 The structure of 
the dichromate ion as found In 
Na;CrzOz. 


Acid solutions of dichromate are strong oxidants: 
CrạO? + 14ÖH+6e =2 CrỶ* + 7 HạO E°=l.533V (24-19.8) 


In alkaline solution, the chromate ion is much less oxidizing: 


CrO? +4HạO+3e =Cr(OH);(s)+5OH—  E°=0.13V (94-19.9) 


Chromium(VI) does not give rise to the extensive and complex series of poly- 
acids and polyanions characteristic of the somewhat less acidic oxides of VỲ, 
MoẺ', and WY', The reason for this is perhaps the greater extent of multiple 
bonding (Cr==O) for the smaller chromium ion. 

Chươmy chiorzde (CrO;C];), a deep-red liquid, is formed by the action of HCI 
on chromium(VI) oxide: 


CrO; + 2 HCI——> CrO,Cl„ + HạO (24-19.10) 


or on warming dichromate with an alkali metal chloride in concentrated sulfu- 
ric acid: 


RzCrzO; + 4 KCI + 3 HạSO,—› 2 CrO,Cl; + 3 K„SO, + 3 HạO_ (24-19.11) 


It 1s photosensitive but otherwise rather stable, vigorously oxidizes OrganIc mat- 
ter, and is hydrolyzed by water to CrO?- and HGI.. - 


24-20 Peroxo Complexes of Chromium(V), (V), and (VI) 


Like other transition metals, notably Ti, V, Nb, Ta, Mo, and W, chromium forms 
P€roxo compounds in the higher oxidation states. These complexes are all more 
or less unstable both in and out of solution, decomposing slowly with the evolu- 
tion o£ O;. Some are explosive or flammable in air, 

When acid dichromate solutions are treated with H;O:, a đeep blue color 


rapidly appears. 
M1 C2 CO2 E011. CrO(O,); + 3 H,O (24-20.1) 


The blue species decomposes fairly readily, giving CrỶ*, but it may be extracted 
into ether where it is more stable. On addition Of pyridine to the ether solution, 


24-21 The Element 5ó] 


the compound (py)CrO; is obtained. The pyridine complex has the bisperoxo 
structure shown ¡in Fig. 24-3(2): 

Treatment o£ alkaline chromate solutions with 30% HO; gives the red- 
brown peroxochromates, M;CrO, [Fig. 24-3()], which are paramagnetic with 
one unpaired electron. 


MANGANESE 
24-21 The Elemeni† 


The highest oxidation state of manganese corresponds to the total number of 3đ 
and 4s electrons. Ít occurs in the oxo compounds MnO¿, Mn;O;, and MnO;F 
and in amido complexes(Section 24-25). These compounds show some similar- 
ity to corresponding compounds of the halogens. 

Manganese ¡s relatively abundant, and occurs in substantial deposits, mainly 
oxides, hydrous oxides, or the carbonate. From them, or the Mn;O¿ obtained by 
roasting them, the metal can be obtained by reduction with AI. 

Manganese ¡s quite electropositive, and readily dissolves in dilute, nonoxi- 
dizing acids. 


MANGANESE COMPOUNDS 


The most common stereochemistries of manganese compounds are the fol- 
lowing: 
Mn" : 2+ = 
. Octahedral as in [Mn(H,O)¿]“*, [Mn(ox);]”” and 
Mn [MnGCI,]3 
MnY 


1 
Tetrahedral as in [MnO„]“"and MnOz 


Figure 24-3  (a) The structure of CrO(O;);py. The coordination polyhedron is ap- 
proximately a pentagonal pyramid with the oxide ligand at the apex. () The dodecahe- 
dral structure of the CrO¿_ ion, a tetraperoxide complex. 


S5ó2 
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24-22 The Chemisiry of Manganese(II), d° 


24-23 


Manganese(TT) salts are mostly water soluble. Additon of OH” to Mn”" solutions 
produces the gelatinous white »yđrox2đ. This compound rapidly darkens in air 
due to oxidation, as shown by the base potentials: 


MnO,—""~ ›Mn,O,—"°“—› Mn(OH), (24-22.1) 


Addition o£SH gives hydrous MnS, which also oxidizes becoming brown in air; 
on boiling in the absence of air the salmon pink material changes into green 
crystalline MnS. The sulfate, MnSO¿, ¡is very stable and may be used for Mn 
analysis as It can be obtained on fuming down sulfuric acid solutions to dryness. 
The phosphate and carbonate are sparingly soluble. The equilibrium constants 
for the formation o£ manganese(HI) complexes are relatively low as the Mn?" ion 
has no ligand field stabilization energy (Section 23-8). However, chelating l¡- 
gands, such as en, ox, or EDTA“”, form complexes isolable from aqueous solu- 
tion. 

In aqueous solution the formation constants for halogeno complexes are 
very low, for example, : 


[Mn,„„]“+ CT7 —>MnClQÀ„ K*~4 (24-99.9) 


butin ethanol or acetic acid, salts of complex anions of varying types may be Iso- 
lated, such as 


MnX; Octahedral with perovskite structure 

[MnX„]?” Tetrahedral (green yellow) or polymeric octahedral with 
halide bridges (pink) 

[MnCI,]- Only Na and K salts known; octahedral 


The Mn”” ions may occupy tetrahedral holes in certain glasses and substitute 
for Zn” in ZnO. Tetrahedral Mn” has a green-yellow color, far more intense than 
the pink of the octahedrally coordinated ion, and it very often exhibits intense 
yellow-green fluorescence. Most commercial phosphors are manganese-activated 
zinc compounds, wherein Mn” ions are substituted for some of the Znh ions in 
tetrahedral surroundings as, for example, in Zn;SiO,. 

Only the very strong ligand fields give rise tò Spin pairing as in the ions 
[Mn(CN)¿]“~ and [Mn(CNR)¿]?*, whiích have only one unpaired electron. 


The Chemistry of Manganese(III), d^ 


Oxides 
When any manganese oxide or hydroxide is heated at 1000 *C, black crystals of 
MnsO„ (hzwsswannil) are formed. This compound is a spinel, Mn“Mn!O,. 


When Mn(OR); is allowed to oxidize in air, a hydrous oxide is formed that Ø1V€S 
MnO(OH]) on drying. 


Mœngonese(l) Aqud lon 


The manganese (II) ion can be obtained by electrolytic or peroxodisulfate oxi- 
daton of Mn? solutions or by reduction of MnO¿. It cannot be obtained in high 
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Concentrations as it is reduced by water (Table 24-3). It also has a strong ten- 
dency to hydrolyze and to đisproportionate in weakly acid solution. 


2 Mn”" + 2 H,O =Mn?' + MnO,(s)+4H*'  K~10® (94-23.1) 


The dark brown crystalline zefyizcefonafe Mn(acac); is readily obtained by 
oxidation of basic solutions of Mn°* by O, or Cl; in the presence of acetyl- 
acetone. 

The basic-oxo centered acetate (Structure 94-I), which is obtained by the ac- 
tion o£ KMnO, on MnÏ” acetate in acetic acid, will oxidize alkenes to lactones. It 
1s used industrially for oxidation of toluene to phenol. 

Manganese(IHI) and (IV) complexes are probably important in photosyn- 
thesis, where oxygen evolution depends on manganese. 


24-24 The Chemistry of Manganese(IV), d, and Manganese(V), đ? 


The most common compound of MnŸ is m„anganese đioxide, a gray to black solid 
found in nature as Øøyzou¿s¿/e. When made by the action of oxygen on manganese 
at a high temperature it has the rutile structure found for many other dioxides, 
for example those of Ru, Mo, W, Re, Os, Ir, and Rh. However, as normally made, 
for example, by heating Mn(NO;);'6H;O ïn aïr, it is nonstoichiometric. A hy- 
drated form is obtained by reduction of aqueous KMnO, in basic solution. 
Manganese dioxide is inert to most acids except when heated, but it does not 
dissolve to give Mn°Ÿ in solution; instead, it functions as an oxidizing agent, the 
exact manner of this depending on the acid. With HƠI, chlorine ¡s evolved. 


MnO;(s) + 4 H” + 4Cl =Mn”* +2 CF +Cl,+2 HO (24-241) 
With sulfuric acid at 110 °C, oxygen is evolved and an Mn"”" acid sulfate is 
formed. Hydrated manganese dioxide is used in organic chemistry for the oxi- 
dation of alcohols and other compounds. 
Manganese(IV) is known in MnEỆ- and, like MnŸ”,ïn compounds with Mn=O 
groups. Manganese(V) ¡is litle known except in bright blue “hypomanganates” 
that are formed by the reducton of perrmanganate with an excess of sulfite. 


24-25 The Chemistry of Manganese(VI), d', and Mangdanese(VII), d° 


Manganese(VI) is found in the deep green ?ganwazf lon, MnO”-. This ion is 
formed on oxidizing MnO; In fused KOH with KNO; or atr. 

The manganate ion 1s stable only in very basic solutions. In acid, neutral, or 
slightly basic solutions it readily disproportionates according to the equation 


3 MnO? +4H'=2 MnO; +MnO.(s)+2H¿O  K~1l0?% (94-25.1) 


Manganese(VII) is best known in the form of salts of the @ermœnganafe t0n. 
The compound KMnO/ ¡s manufactured by electrolytic oxidation o£ a basic so- 
lution of K;MnO,. Aqueous solutions of MnO¿ may be prepared by oxidation of 
solutions of the Mn” ion with very powerful oxidizing agents such as PbO; or 
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NaBiO¿. The ion has an intense purple color, and crystalline salts appear almost 
black. 

Solutions of permanganate are intrinsically unstable, decomposing slowly 
but observably in acid solution. 


4MnOz + 4H*——> 3 Os(g) +2 HạO +4 MnO;(s) — (94-95.2) 


In neutral or slightly alkaline solutons In the dark, decompOsitlon 1s Imrneasur- 
ably slow. It is catalyzed by light so that standard permanganate solutons should 
be stored n dark bottles. 

In 22s solution, permanganate is a powerful oxidant. 


MnO; + 2 H;O + 3e" =MnO,(s)+4OH— E°?=+lI.23V (24-25.3) 


In very strong base and with an excess of MnO¿, however, manganate ion is prO- 
duced. 


MnO¿ +e"=MnO2“ È° =+0.56 V (24-25.4) 


In zøđ solution permanganate is reduced to Mn”' by an excess of reducing 
agent: 


MnO; +8 H*+5ðe =Mn?'+4 HO E°=+l5IV (24-25.5) 
but because MnO; oxidizes Mn”", 
2 MnO; + 3 Mn”* +9 HO = 5 MnO.(s) + 4 H* E°=+0.46V (24-25.6) 


the product in the presence of an excess of permanganate is MnO:. The addi- 
tion of KMnO, to concentrated H;SO/ gives stoichiormetrically: 


2 KMnO, + 3 H;SO, —— 2 K' + Mn;O, + HạO* + 3 HSO; (94-95.7) 


the dangerous explosive oil, Mn;O;. This can be extracted into CCL¿ or chloro- 
fluorocarbons in which it is reasonably stable and.safe. 

UndiÏ recently, only oxo compounds of Mn" and MnŸ? were known, but now 
the compound MnŸ”(N-¿-Bu);zCl has been shown to be stable (mp 94-95 °C), 
whereas its oxo analog MnCIO; detonates above 0 °C. A 8reat many derivatives 
of Mn(N-/-Bu);Cl have also been Prepared, examples being Mn(N-Bu);Br 
(mp 105~107 °C), Mn(N-£Bu);(O,CCH,) (mp 49-59 °C), Mn(N-#-Bu) ;(OC,E, ) 
(mp 95-97 °C), and Mn(N-£Bu);(NH-2-Bu), which is an unstable oil. Reduction 


of the chloride with sodium amalgam in THF gIves the MnŸ! dimer [(N-- 
Bu);Mn(HU-N-¿-Bu) ]:. 


IRON 
24-26 The Element Iron 


Beginning with this element, there is no oxidation state cqual to the total num- 
ber of valence-shell electrons, which in this case is cight. The highest oxidation 


24-27 Binory Compounds 5ó5 


state is VI, and it is rare. Even the trivalent state, which rose to a peak of impor- 
tance at chromium, now Ïoses ground to the divalent state. 

lron 1s the second most abundant metal, after AI, and the fourth most abun- 
đant element in the earth”s crust. The core of the earth is believed to consist 
mainly of Fe and Ni. The major ores are FeaOs; (bønzi2), FezO, (magnefit2), 
FeO(OH) (more), and FeCO; (siderie). 

Pure iron is quite reactive. In moist air it is rather rapidly oxidized to give a 
hydrous iron(IH) oxide (rust) that affords no protection, since it flakes off, ex- 
posing fresh metal surfaces. Finely divided iron is pyrophoric. 

The metal dissolves readily in dilute mineral acids. With nonoxidizing acids 
and in the absence of air, Fe! is obtained. With air present or when warm điÌute 
HNO): is used, some of the iron goes to Fe”". Very strongly oxidizing media, such 
as concentrated HNO; or acids containing dichromate, passivate iron. Air-free 
water and dilute air-free solutions of OH” have little effect, but iron ¡s attacked 
by hot concentrated NaOH (see the following section). 


IRON COMPOUNDS 


The main stereochemistries of iron compounds are as follows: 


Fe" Octahedral as in Fe(OH);, [Fe(H,O)¿]?*, and [Fe(CN)s]?” 
Fe" Octahedral as in [Fe(H,O)¿]Ÿ" and Fe(acac)s 


24-27 Binory Compounds 
Oxides and Hydroxides 


The additdon of OH- to Fe#* solutions gives the pale green Öyđroxide, which is 
very readily oxidized by aïr to give red-brown hydrous iron(HH) oxide. 

The compound Fe(OH);, a true hydroxide with the Mg(OH]); structure, is 
somewhat amphoteric. Like Fe, it dissolves In hot concentrated NaOH, from 
which solutions, blue crystals of Na¿[Fe”(OH)¿] can be obtained. 

The øx¿đe, FeO, may be obtained as a black pyrophoric powder by ignition 
of Fe!" oxalate: It is usually nonstoichiometric, FeoozO, which means that some 
Fe! ¡s present. The addition of OH” to iron(HHI) solutions gives a red-brown 
gelatinous mass commonly called iron(IH) hydroxide, but it is best đescribed as 
a hydrơus oxide (FeaOs* HO). Thịs has several forms; one, FeO(OH), occurs in 
the mineral /2øidocrocie and can be made by high-temperature hydrolysis of 
iron(HI) chloride. On heating at 200 °C the hydrous oxides form red-brown 
œ-FeaOx, which occurs as the mineral bzma#e. Thịs has the corundum structure 
with an hcp array of Ò, with F e?† in the octahedral interstices. 

The black crystalline oxide Fe;O„, a mixed Fe”—Ee'”" oxide, occurs in nature 
as 7agnefiie. It can be made by ignition of FesO; above 1400 °Ö. It has the Inverse 
spinel structure (Section 4-8). 

Chỉiorid¿s are used as source material for the synthesis of other iron com- 
pounds. Anhydrous ?røw(1l) chioride can be made by passing HCI gas over heated 
iroÄ powder, by reducing FeCl]; with Ee(s) in THE or by refluxing FeC]; in 
chlorobenzene. It is a very pale green, almost white, solid. 


Sóó 
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lTron(HỊ chiorid¿ is obtained by the acton o£ chlorine on heated iron as al- 
most black, red-brown crystals. Although 1n the gas phase there are dimers, 
Fe;Cl¿, in the crystal the structure is nonmolecular and there are Fe” ions oc- 
cupying two thirds of the octahedral holes in alternate layers of CÏ” lons. 

Iron(IH) chloride quite readily hydrolyzes in moist atr. It 1s soluble 1n ethers 
and other polar solvents. 

Ferrites sụch as M”Fe;O„ are important mixed oxide materials used in mag- 
netic tapes for recording purposes. 


24-28 Chemistry of Iron(II), dế 


The iron(TI) ion, [Fe(H;O)g]#, gives many crystalline salts  Mohr's salt, 
(NH¿)s[Fe(H;O)¿] (SO¿)¿, is reasonably stable toward air and loss of water, and 
1s commonly used to prepare standard solutons of FeŸ" for volumetric analysis 
and as a calibratlon substance In magnetic measurements. By contrast, 
FeSO„:7H;O slowly effloresces and turns brown-yellow when kept in air. 

Additon of HCO; or SH to aqueous solutions of Fe" precipitates FeCO; 
and FeS, respectively. The Fe” ion is oxidized in acid solution by air to Fe”*, With 
lgands other than water present, substantial changes in the potentials may 
occur, and the Fe”—Ee”” system provides an excellent example of the effect of li- 
gands on the relative stabilities of oxidation states. 


[Fe(CN)s]?” + er = [Fe(CN)z]*“ E°=0.36V ˆ' (24-28.1) 
[Fe(H;O)s]?* + e" = [Fe(H;O)z]?®? E°=0.77V (2428.2) 
[Fe(phen);JŸ* + e” = [Fe(phen);]Ê† E"=1l.12V... (24-28.3) 


Complexes 


Octahedral complexes are generally paramagnetic, and quite strong ligand 
ficlds are required to cause spin pairing. Diamagnetic complex lons are 
[Fe(CN)¿]?~ and [Fe(dipy)sz]#*. Formation of the red 2,2“bipyridine and 1,10- 
phenanthroline complexes is used as a test for Fe°*. 

Some tetrahedral complexes like [F eCl¿]“~ are known. Among the most im- 
portant complexes are those involved in biological systems (Chapter 31) or mod- 
els for them. Án important iron(II) compound is ferrocene (Section 29-14). 


24-29 The Chemisiry of Iron(III), d° 


Iron(IH) occurs in crystalline salts with most anions other than those, such as 1o- 
dide, that are incompatible because of their reducing properties: 


Fe°'+I =Fe?'+1 1z (24-29.1) 


Salts containing the ion [Ee(H¿O)„|”'*,ssuehss Fe(C1O,);'10H:O, are pale 
pink to nearly white and the aquo ion is pale purple. Unless FeŸ" solutions are 
quite strongly acid, hydrolysis occurs and the solutdions are commonly yellow be- 
cause of the formation of hydroxo species that have charge-transfer bands in the 
ÖV region tailing into the visible region. 


24-29 The Chemistry of Iron(III), d° Só7 
The initial hydrolysis equilibria are 


[Fe(H;O)s]#* = [Fe(H;O);(OH)]”*+H'  K=10°° (24-99.9) 
[Fe(H;O);(OH)]?* = [Fe(H;O)„(OH);]*+H*'  K=103?% ' (94-29.3) 


2[Fe(H;O)s]Ÿ* = [Fe(H,O)„(OH);Fe(H,O)„]*'+ 2 H† (24-29.4) 
K= 102%! 


The binuclear species in Reaction 24-29.4 probably has the Structure 24-III. 


HO H OH, Ki 
»l-9x „0H; 
£ Fe 
HO“ | *o“ | on, 
HO H  ÓH, 
24-II 


H,O 


From the constants it is clear that, even at pH values of 2-3, hydrolysis 1s exten- 
sive. In order to have solutions containing say, about 99% [Fe(H;O)¿]”* the pH 
must be around zero. As the pH is raised to about 2-3, more highly condensed 
specles than the dinuclear one are formed, attainment of equilibrium becomes 
sluggish, and soon colloidal gels are formed. Ultimately, hydrous FezO; is pre- 
cipitated. 

Iron(HH) ion has a strong affinity for F” 


F€”*°+F-=FeF“  K,~10 (24-99.5) 
FeF°“+F-=FeF#  Kz=105 (24-29.6) 
FeF;” SE F- = FeFs K; “= TÚ (24-29.7) 


The corresponding constants for chloro complexes are only about 10, 3, and 0.1, 
respectively. In very concentrated HCI the tetrahedral FeCl¿ ion is formed, and 
1ts salts with large catons may be isolated. Complexes with SƠN” are an intense 
red, and this serves as a sensitive qualitative and quantitative test for ferric ion; 
Fe(SCNÑ)s and/or Fe(SCN)¿ may be extracted into ether. Fluoride ion, however, 
wIll discharge this color. In the solid state, [FeFs]Ÿˆ ions are known but in solu- 
tlons only specles with fewer E atoms OCCUF. 

The hexacyanoferrate ion, [Fe(CN)¿] in contrast to [Fe(CN)s]”, is quite 
poisonous because the CNr ions rapidly dissociate, whereas [Fe(CN)s]“ is not 
lablle. 

The affinity of Fe”" for NH; and amines is low except for chelates, such as 
EDTA“; 2,2-bipyridine and 1,10-phenanthroline, whịích produce ligand fields 
strong enough to cause spin pairing (c£. Fe”) and form quite stable ions that can 
be isolated with large anions. 

A number of hydroxo- and oxygen-bridged specles, one of which has been 
mentioned previously, are of Interest because they may show unusual mag- 
netic properties due to coupling between the iron atoms via the bridges. One 
example is the complex of salen [bis(salicylaldehyde)ethylenediminato], 
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O 


ï 7À | (salen) Cl 
[Fe(salen) |¿O, which has a nonlinear Fe Fe  group, while Fe(salen) 
can form both mononuclear and binuclear complexes (Structure 24-IV). The 
latter has marked antiferromagnetic coupling between the Ee atoms. 


24-30 The Chemistry of Iron(IV) and (VI) 


There are only a few complexes, such as [Fe(S,CNR,);]* and [Fe(diars)sGIalE", 
for Fe'Y, and the unusual hydrocarbon soluble alkyl, Fe(1-norbornyl)„ (Section 
29-11). No stable FeŸ compounds are known. 

The best known compound of iron(VI) ¡is the oxo anion, [FeO„]Ê", which ¡s 
obtained by chlorine oxidation of suspensions of FezO,*zH„O in concentrated 
NaOH or by fusing Fe powder with KNO;. The red-purple ion is paramagnetic 
with two unpaired electrons. The Na and K salts are quite soluble but the Ba salt 
can be precipitated. The ion is relatively stable in basic solution but decomposes 
in neutral or acid solution according to the equation 


2IPCO„]” +I01HI'= 2ñ + šO; +5 H,O (24-30.1) 


[t is an even stronger oxidizing agent than MnO¿ and can oxidize NH¿ to NCT 
to CrOf”, and also primary amines and alcohols to aldehydes. 


COBALT 
24-31 The Elemen† Cobdali 


The trends toward decreased stability of the very high oxidation states and the 
increased stability of the II state relative to the III state, which occur through the 
series TÌ, V, Cr, Mn, and Ee, persist with Co. The highest oxidation state is now 
1V, and only a few such compounds are known, Cobalt(IH) is relatively unstable 
in simple compounds, but the low-spin complexes 


are exceedingÌy numerous 
and stable, especially where the donor atoms (usually N) make strong contribu- 


24-32. Chemisiry of Cobdlt(II), d7 5ó9 


tions to the ligand field. There are also numerous complexes of Col, This oxi- 
dation state is better known for cobalt than for any other element of the first 
transition series except copper. All Co' complexes have Tacid ligands (Chapter 
20) 

Cobalt always occurs in association with Ni and will usually occur also with 
As. The chief sources of Co are “speisses,” which are residues in the smelting o£f 
arsenical ores of NI, Cu, and Pb. 

Cobalt is relatively unreactive, although it dissolves slowly in dilute mineral 
acids. 


COBALT COMPOUNDS 
'The main stereochemistries found in cobalt compounds are the following: 


Tetrahedral as in [CoCl,]?” and CoCl;(PEt¿); 
Octahedral as in [Co(H;O)¿]?* 
Co”! 'Octahedral as in [Co(NH;)s]Ÿ! 


Col 


24-32 Chemistry of Cobdolt(I), d” 


The dissolution of Co, or the hydroxide or carbonate, in dilute acids gives the 
pink aqua ion, [Co(H;O)¿]#*, which forms many hydrated salts. 

Addition of OH- to CoŸ" gives the jyđrox¿de, which may be blue or pink de- 
pending on the conditions; it is weakly amphoteric dissolving in very concen- 
trated OH- to give a blue solution containing the [Co(OH)„]?" ion. 


Complexes 


The most common Co” complexes may be either octahedral or tetrahedral. 
There is only a small difference in stability and both types, with the same ligand, 
may be in equilibrium. Thus for water there is a very small but finite concentra- 
tion o£ the tetrahedral ion: 


[Go(H;O)s]?' —> [Go(H;O)„]?*+2 H,O (24-39.1) 


Addition of excess CÏ" to pink solutions of the aqua ion readily gives the blue 
tetrahedral species: 


[Co(H,O)¿]#' + 4 CE = [CoCl,]?- + 6 HạO (24-39.9) 


Tetrahedral complexes, HGO II, are formed by halide, pseudohalide, and OH” 
ions. Cobalt(II) forms tetrahedral complexes more readily than any other tran- 
siion metal ion. The CoŸ? ion is the only đ” ion of common occurrence. Eor a 
đ” ion, hgand field stabilization energies disfavor the tetrahedral configuration 
relative to the octahedral one to a smaller extent (see Table 23-4) than for any 
other đ”(1 < z<9) configuration. This argument is valid only in comparing the 
behavior of one metal ion with another and not for assessing the absolute sta- 
bilities of the configurations for any particular ion. 
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24-33 The Chemistry of Cobdol†(III), d“ 


In the absence of complexing agents, the oxidation of [Co(H;O)s]Ÿ” is very un- 


favorable (Table 24-3) and CoŸ* is reduced by water. However, electrolytic or O; 
oxidaton of cold acidic solutions of Co(ClO,); gives the aqua ion, 
[Co(H;O)¿]?", in equilibrium with [Co(OH) (H;O)z;]#'. At 0 °C, the hal£life of 
these đdiamagnetic ions is about a month. In the presence of complexing agents, 
such as NHạ, the stability of Co”" is greatly Improved. 


[Co(NH;);]**'+e-=[Co(NHạ)g]°  E°=01V - (94-33.1) 


In the presence o£ OH ion, cobalt(H) hydroxide is readily oxidized by air to a 
black hydrous oxide. 


CoO(OH)(@s) + H;ạO +e- = Co(OH);(s) + OH- E°=0.17V (2433.2) 


The CoỂ" ion shows a particular affinity for NÑ donors, such as NHạ, en, edta, 
and NCS,, and complexes are exceedingly numerous. They generally undergo 
ligand-exchange reactons relatively slowly, ñke Cr”*“ and RhŸ"'. Hence, they have 
been extensively studied since the days of Werner and Jørgensen. A large part of 
our knowledge of the isomerism, modes of reacton, and general properties of 
octahedral complexes as a class is based on studies of Co!" complexes. Almost all 
Co"" complexes are octahedral. 

Cobalt(HI) complexes are synthesized by oxidation of Co?† in solution in the 
presence of the ligands. Oxygen or hydrogen peroxide and a catalyst, such as ac- 
tivated charcoal, are used. For example, 


4 Co?” + 4 NH‡ + 20 NHạ + Oy—— 4[Co(NHạ)¿]?**+2 HO (24-33.3) 
4 Co?” + Ben + 4enH” + O; = 4[Co(en)s]#! + 2 HạO nô) 


The green salt, frzzs-[Co (en);zCI;][H;O;]Cl;, is obtained from a reaction sìmilar 
to Reacton 24-33.4 in the presence of HCI. This salt may be isomerized to the 
purple racemic cis isomer on ©evaporatlon of a neutral aqucous solution at 
90—100 °C. Both the cis and the trans isomer are aquated when heated In water: 


[Co(en);Cl,]* + HạO ——> [Co(en);CI(H,O)]** + CI- (24-33.5) 
[Co(en);C1I(H;O)]?* + HạO ——› LCo(en);(H;O);]”*+CI- (24-33.6) 


and on treatment with solutions of other anions are converted Into other 
[GD(en),x;]” Sp€cles, for cexample, 


[Co(en);Cl;]” + 2 NCS- ——> [Co(en)z(NCS);]† + 9 CT- (24-33.7) 


The iniual reaction of Co” with oxygen may involve oxidative-addition 
(Section 30-2) of O; to Co” to give a transient Co'V species that then reacts with 
another Co” to produce a binuclear Ðeroxo-bridged species: 
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GnIÊ* 


k ai 


[GO]"" + O; —› | LLCoY 


` 


O 
6Ÿ bu 


IITC si +[L,Co]?" — O lai l 


LựCo Oœ 
O 


Complexes such as [(NH:);CoOOCo(NH,);]“° or [(NC);CoOOCo(CN),]° 
have been isolated, although these ions decompose fairly readily in water or 
acids. The open-chain species [(NH;);CoOOCo (NH;);]“* can be cyclized in the 
presence of base to 


O—O 2Ö 


(NH,),CC _XS(NH), 
N 
H; 


Such peroxo species, open chain or cyclic, contain low-spin Co! and bridging 
peroxide (O#”) ions. 

The Ozbridged binuclear complexes can often be oxidized in a one-elec- 
tron step. The resulting ions were first prepared by Werner, who formulated 
them as peroxo-bridged complexes of Co!" and Co'Ÿ, However, ESR data have 
shown that the single unpaired electron ¡is distributed equally over öø cobalt 
lons, and is best regarded as belonging formally to a superoxide (Oz) ion but đe- 
localized over the planar Co”"—=O——O——Co"" group. The structures (Fig. 24-4) 
show that the O——O distance is close to that for the Oz ion (1.28 Ả) and much 
shorter than the distance (1.47 Ả) in the peroxo complexes. 

Although no cobaltcontaining complex is known to be involved in oxygen 
metabolism, there are several that provide models for metakto-oxygen binding 
in biological systems. OŸ greatest interest are those that undergo zeuersibl¿ oxy- 
genation and deoxygenation in solution. The Schiff base complexes such as 
Co(acacen) (Structure 24-V) in DMF or py take up O; reversibly below 0 °C, for 
example, 


HạC—CH, 


_ h6 b ` CH; 
à 4 + DMEF + O; ——> Co(acacen) (dmf)O, 
` CÁ x⁄ Tx - / 
O O =2:llat~10$%G 
H;C “.. 
24+ 
The inital complex has one unpaired electron, and so also do the Oxygen 
adducts, but ESR data indicate that in the latter the electron is heavily localized 


on the oxygen atoms. There 1s also an IR absorption band due to an O—O 
stretching vibration. The adducts can be formulated as octahedral, low-spin Co?! 


V (24-33.10) 
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(œ) () 


O 4+ 
j) | (NH.)„C z NG NH 
(|( 3)4 lo o( 3)4 


H; 


There is octahedral coordination about each cobalt ion and the angles and distances 
shown are consistent with the assumption that there are bridging superoxo groups. The 
five-membered ring ïn () is essentially planar. 


complexes confaining a coordinated superoxide (O;) ion. The Co—O——-O 
chain is bent. Â second type of complex involves the reversible formation of oxy- 
gen bridges (Co—=O——O——Co), which are similar to those discussed previously. 

Finally, we note in connecton with oxidation that in acid solutions, 
cobalt(HU carboxylates catalyze the oxidation not only o£ alkyl side chains in 
aromatic hydrocarbons, but even of alkanes themselves. A cobalt catalyzed 
PrOC€ss is used commercially for oxidation of toluene to phenol. The actual na- 
ture oŸ “cobaltic acetate,” a green material made by ozone oxidation of Co?" ac- 
etate in acetic acid is uncertain; it can, however, be converted by pyridine to 
an oxo centered species similar to those known for other MP carboxylates 
(Structure 24-]). 


Complexes of Cobdơlt(I), d° 


With the exceptton oŸ reduced vitamin B¡; and models for this system (Section 
31-8), which appear to be Co' species, all Co! compounds involve ligands of the 
Tracid type (Chapter 28). The coordination is trigonal bipyramidal or tetrahe- 
dral. The compounds are usually made by reducing CoGl, in the presence of the 
ligand by agents such as N;H¿, Zn, S„O7~, or AI alkyls. 

Represcntative examples are CoH(N,) (PPh;);, [Co(CNR),]1, CoCl(PR¿)as. 
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NICKEL 
-_ 24-35 The Elemeni 


The trend toward decreased stability of higher oxidation states continues, so that 
only Ni” normally occurs with a few compounds ƒøz2i containing Ni" and 
Nữ. The relative simplicity of nickel chemistry in terms of oxidation number is 
balanced by considerable complexity in coordination numbers and geometries. 

Nickel occurs in combination with arsenic, antimony, and sulfur asin /zr¡te 
(NiS) and in gưrz22rie, a magnesium-nickel silicate of variable composition. 
Nickel is also found alloyed with iron in meteors; the interior of the earth is be- 
lieved to contain considerable quantities. In general, the ore is roasted in air to 
g1ve NiO, which is reduced to Ni with C. Nickel ¡is usually purified by electro- 
deposidon but some high purity nickel is stll made by the carbonyl process. 
Carbon monoxide reacts with impure nickel at 50 °®C and ordinary pressure or 
with nickel-copper matte under more strenuous conditions, giving volatile 
Ni(CO)¿, from which metal o£ 99.90 to 99,99% purity is obtained on thermal de- 
composition at 200 °C. 

Nickel is quite resistant to attack by air or water at ordinary temperatures 
when compact and ¡s, therefore, often electroplated as a protective coating. It 
đissolves readily in dilute mineral acids. The metal or high Ni alloys are used to 
handle F; and other corrosive fluorides. The finely divided metal is reactive to 
air and may be pyrophoric. Nickel absorbs considerable amounts of hydrogen 
when finely divided and special forms of Ni (e.g., Raney nickel) are used for cat- 
alytic reductions. 


NICKEL COMPOUNDS 
24-36 The Chemistry of Nickel(II), d 


The binary compounds, such as NiO and NIC];, need no speclal comment. 
Nickel(IT) forms a large number 0 eøw#l2xes with coordination numbers six, 
five, and four having all the main structural types: octahedral, trigonal bipyra- 
midal, square pyramidal, tetrahedral, and square. It is characteristic that com- 
plicated equilibria, which are generally temperature dependent and sometimes 
concentration dependent, often exist between these structural types. 


Six-Coordinole Complexes 


The commonest six-coordinate complex is the green aqua ion, [Ni(H;O)¿] sử 
that is formed on dissolution o£Ni, NICOa, and so on, in acids and gives salts like 
NiSO„:7H;O. 

The water molecules in the aqua lon can be readily displaced especially by 
amines to give complexes, sụch as /rz»s-[Ni(H;O);(NH;)„] I1.) 4]””, or 
[Ni(en);]?". These amine complexes are usually blue or purple because of shifts 
in absorption bands when HO is replaced by a stronger field lgand (Section 
23-6). 


Four-Coordinote Complexes 


Most of the four-coordinate complexes are square. This is a consequence of the 
đŠ confguration, since the planar ligand set causes one of the đ orbitals (đ,2_.2) - 
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to be uniquely high in energy, and the eight electrons can occupy the other four 
đ orbitals but leave this strongly antibonding one vacant. In tetrahedral coordi- 
nation, on the other hand, occupation of antibonding orbitals is unavoidable. 
With the congeneric để systems Pd” and Pt” this factor becomes so important 
that no tetrahedral complex 1s formed. 

Planar complexes of Ni” are thus invariably diamagnetic. They are Íre- 
quently red, yellow, or brown owing to the presence of an absorption band of 
medium intensity (e ~= 60) in the range 450-600 nm. 

Probably the best known example 1s the red. 2s(đzmøthylgboxtmaio)r+ckel(H), 
Ni(dmgH);, which is used for the gravimnetric determination of nickel; it is pre- 
cipitated on addition of ethanolic dmgH; to ammonliacal nickel(H) solutilons. It 
has Structure 24-VI, where the hydrogen bond ¡s symmetrical, but these uniIts are 
sứached one on top of the other in the crystal. Here, and 1n similar square com- 
pounds of Pd” and Pt” (Section 25-28), there is evidence of metal-to-metal in- 
teraction, even though the distance 1n the stack 1s too long for true bonding. 


LÐ SG g no L0)) 
HạG | | CH,  (CH;);C 
Ngz-N N=c⁄ 
1 `.” 
| NÊC | PS 
„` NZC ii 
HạC ö ỏ SẼ: (CH;);C 
24VỊ 2#VI 


Similar square complexes are given by certain Ö-ketoenolates (e.g., Structure 
24-VII), as well as by unidentate 7-acid ligands Le.g., NiBr;(PEt;);], and by CN” 
and SƠN. The cyano complex, [Ni(CN)¿]”, is readily formed on addition of 
CN- to Ni" (aq). The green Ni(CN); which is first precipitated redissolves to 
gIve the yellow ion, which can be isolated as, for example, Naz[Ni(CN)„]-3H,O. 
On addition o£an excess of CN” the red ion, [Ni(CN);]Ÿ”, is formed, which can 
be precipitated only by use of large cations. 


Tetrahedrdal Complexes 


Tetrahedral complexes are less common than planar complexes, and are all 
paramagnetic. These complexes are of the types [NiX„]““, NiX,L, NiL¿X¿, and 
NId—L); where X is halogen, L is a neutral ligand (e.g., RạP or R¿PO), and 
L—L 1s a bidentate uninegative ligand, [NiL„]””, is known, where L = hexa- 
methylphosphoramide. 


Five-Coordinate Complexes 


Five-coordinate cormnplexes usually have trigonal-bipyramidal geometry but some 
are square pyramidal. Many contain the tetradentate “tripod” ligands, such as 
NỊCH;CH;N(CH;);]; (see Structures 6-XVa and 6-XVb). 
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Conformơtionol Properiies of Nickel(II) Complexes 


The main structural and conformational changses that nickel(II) complexes un- 
dergo are the following: 


1. Formation 0ƒ fiue- and six-coordinale comlexes results ƒrơm the addition oƒ ligands 
lo square comjblexes. For amy square complex NiL¿ the following equilibria with ad- 
ditonal ligands (L7) must in principle exist: 


ML„ + L/ =ML„L/ (24-37.1) 
ML„ + 2 L/ =ML„L¿ (24-37.9) 


Where L = L =CN”, only the five-coordinate species is formed, but in most sys- 
tems in which L is a good donor such as py, HạO and C;H;OH, the equilibria lie 
far in favor of the six-coordinate species. These have a trans structure and a high- 
spin electron configuration; many may be Isolated as pure compounds. Thus, the 
B-diketone complex (Structure 24-VII) is normally prepared in the presence of 
water and/or alcohol and is first isolated as the green, paramagnetic dihydrate 
or đialcoholate, from which the red, square complex is then obtained by heating 
to drive off the solvent. 

Another type of square complex that picks up H;O, anions, or solvent is 
shown in Structure 24-VII. 


Pa 


H; H; 
PhHC—N N—CHPh 
`... 


Ni 
⁄ 
PhHC—N N—CHPh 
H; H; 
24VII 


2. Monomer-polymer equilibria can occur. Four-coordinate complexes may 
associate or polymerize, to give five- or six-coordinate species. Ín some cases, the 
association is very strong and the four-coordinate monomers are observed only 
at high temperatures. In others the posidion o£ the equilibrium ¡is such that both 
red, diamagnetic monomers, and green or blue, paramagnetic polymers, are 
present_in a temperature- and concentration-dependent equilibriun around 
room temperature. A clear example of this situation is provided by the ae¿ace- 
tonafe (Fig. 24-5). As a result of the sharing of some oxygen atoms, each nickel 
atom achieves octahedral coordination. This trimer is very stable, and detectable 
quantities of monomer appear only at temperatures around 200 °C ïn a nonco- 
ordinating solvent. It is, however, readily cleaved by donors, such as H;O or py, 
to give six-coordinate monomers. When the methyl groups o£ the acetylaceto- 
nate ligand are replaced by the very bulky C(CH;); groups, trimerization is com- 
pletely prevented and the planar monomer (Structure 24-VII) results. When 
groups sterically intermediate between CH; and C(CH:); are used, termnperature- 
and concentration-dependent monomer-trimer equilibria are observed in non- 
coordinating solvents. 

3. Square-tetrahedral equilibria and isomerism can occur. Complexes, such 
as NiL¿X;¿, where L represents a mixed alkylarylphosphine exist in solution In an 


S/ó 
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Figure 24-5 Sketch indicating the trimeric structure of 
nickel acetylacetonate. The unlabeled circles represent oxygen 
atoms, and the curved lines connecting them in pairs represent 
the remaining portdions o£ the acetylacetonate rings. 
(Reproduced by permission from J. C. Bullen, R. Mason, and P. 
Pauling, Tnơrg. Chem., 1965, 4, 456 © American Chemical 
SOCIety.) 


cquilibrium distribution between the tetrahedral and square forms. In some 
Cas€s it is possible to isolate two crystalline forms o£ the compound, one yellow- 
red and diamagnetic, the other green or blue with two unpaired electrons. 
There 1s even a case, Ni[CaH;CH;) (C¿H,);P]sBr;, in which öø/b tetrahedral and 
square complexes are found together in the same crystalline substance. 


Higher Oxiddtion Stales of Nickel 
Oxides and Hydroxides 


The acdon o£ Br; on alkaline solutions of NiỶ' gives a black hydrous oxide, 
NIO(OH). Other black substances can be obtained by electrolytic oxidation; 
some of them contain alkali metal ions. 

The Edison or nickeliron battery, which uses KOH as the electrolyte, is 
based on the reaction 


: discharge 
Fe+9 NiO(OH)+2 H,O 


charge 


FE(OHM); +2 N¡(@NH)s (~1.3V) (24-38.1) 


but the mechanism and the true nature of the oxidized nickel SPp€Cles are not 
fully understood. 


Complexes 


There are several authentic complexes of øckei(HI). Oxidation of NiX:(PR:); 
with the appropriate halogen gives NiX;(PR;)¿. 
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NMieel(TV) complexes are even rarer, and the dithiolene complexes (Section 
28-18), which could formally be regarded as containing Ni” and S;CR;”" lig- 
ands, are best regarded as Ni" complexes. 


COPPER 
24-39 The Element 


Copper has a single s electron outside the filled 3đ shell. It has little in common 
with the alkalis except formal stoichiometries in the +l oxidation state. The 
filed đ shell is much less effective than is a noble gas shell in shielding the s elec- 
tron from the nuclear charge, so that the first ionization potential of Cu is higher 
than those of the alkalis. Since the electrons of the đ shell are also involved in 
metallic bonding, the heat of sublimation and the melting point of copper are 
also much higher than those o£ the alkalis. These factors are responsible for the 
more noble character of copper. The effect ¡is to make compounds more cova- 
lent and to give them higher lattice energies, which are not offset by the some- 
what smaller radius of Cu” (0.93 Ả) compared with Na" (0.95 Ả) and K? (1.33 Ả). 
The second and third ionization potentials of Cu are very much lower than 
those of the alkalis and account in part for the transition metal character. 
Copper is not abundant (55 ppm) but is widely distributed as a metal, in sul- 
fides, arsenides, chlorides, and carbonates. The commonest mineral is chal- 
copyrite, CuFe§;. Copper is extracted by oxidative roasting and smelting, or by 
microbial-assisted leaching, followed by electrodeposition from sulfate solutions. 
Copper is used in alloys such as brass and is completely miscible with gold. 
Ít 1s very slowly superficially oxidized in moist aïr, sometimes giving a green coat- 
ing of hydroxo carbonate and hydroxo sulfate (from SO; in the atmosphere). 
Copper readily đissolves in nitric acid and in sulfuric acid in the presence of 
oxygen. It is also soluble in KƠN or ammonia solutlons in the presence of oxy- 
gen, as indicated by the potentials: 


Cu(s)+2 NH,— 7912"; [Gu(NH,),]'—=®?“—› [Cu(NH,),}*` (239.1) 


COPPER COMPOUNDS 


The stereochemistry of the more Important copper compounds is as folÌows: 


'E) M Tetrahedral as in Cul(s) or [Cu(CN)„]”” 
Square as in CuO(s), [Cu(py)„]””, or [Cu 


Cu” Distorted octahedral with two longer trans bonds, for example, 
[Cu(H;O)¿]?', CuCl;(s) 


24-40 The Chemistry of Copper(I), đ"° 


Copper(T) compounds are diamagnetic and, except where color results from the 
anion or charge-transfer bands, are colorless. 
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The relative stabilities of the Cu' and Cu” states are indicated by the poten- 
tials: 


Cu*+e =CuG&)  #°=0.59V (24-40.1) 
CuÊ* + e= Cu? E°=0.153 V (24-40.9) 
From these we have 
Cu(s)+Cu?=2Cu'  E°=-087V _ (94-40.3) 
Lai 
EU. ..JUƒý (24-40.4) 
[Cu' ] 


The relative stabilities depend very strongly on the nature of anions or other lig- 
ands present, and vary considerably with solvent or the nature of neighboring 
atoms in a crystal. 

In agweøs soluton only low equilibrium concentrations of Cu" (<10? ẤM) 
can exist (see the following section). The only copper(I) compounds that are sta- 
ble to water are the highly insoluble ones, such as CuCl or CuCN. Thịs instabil- 
1fy toward water is due partly to the greater lattice and solvation energies and 
higher formation constants for complexes of the Cu?" ion so that ionic Cu! đe- 
rivatives are unstable. 

The equilibrium 2 Cu! = Cu + Cu” can readily be đisplaced in either direc- 
tion. Thus, with CN”, I”, and (CH;);S, Cu” reacts to give the Cu! compound. The 
Cu” state is favored by anions that cannot gIve covalent bonds or bridging groups 
(e.g., ClO¿ and SOZˆ) or by complexing agents that have their greater affinity for 
Cu”. Thus cthylenediamine reacts with copper(I) chloride in aqueous potassium 
chloride solution. 


2 GũC] +#2en =†Cũ(Eñn);]°' + 2 CI + Cu? (24-40.5) 


The latter reaction also depends on the chelate nature of the ligand. Thus for 
ethylenediamine, K is about 10”; for pentamethylenediamine (which does not 
chelate) Kis 3 x 10”; and for ammonia Kis 9 x 102. Hence, in the last case the 
reaction 1s 


[Cu(NH,)„J** + Cu9 = 9[Cu(NH,),]* (24-40.6) 


The lifetime of the Cu” ion in water 1s usually very short (<1 s), but đilute so- 
lutions from reduction of Cu?" with VẺ* or Cr?* may last for several hours in the 
absence of aïr. 

An excellent illustration of how the stability of the Cul ion relative to that of 
the Cu” ion may be affected by the solvent is the case of acetonitrile. The Cu! ion 
1s very effectively solvated by CH;CN, and the halides have relatively high solu- 
bilides (e.g., Cul, 35 g/kg CH;CN) versus negligible solubilities in HO. The Cu! 
lon 1s more stable than Cu” in CGHạCN, and CuỦ acts as a comparatively bower- 
ful oxidizing agent. 
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Copper() Binory Compounds 


The øx¿đ¿ and suj/de are more stable than the corresponding Cu” compounds at 
high temperatures. CuzO 1s made as a yellow powder by controlled reduction of 
an alkaline solution o£a copper(TI) salt with hydrazine or, as red crystals, by ther- 
mai decomposition of CuO. Copper(T) sulfũde (Cu;S) ¡s a black crystalline solid 
prepared by heating copper and sulfur in the absence of aïr; it is, however, 
markedly nonstoichiometrtc. 

CobÐer(I) chior¿de and Ðromide are made by boiling an acidic solution of the 
copper(II) salt with an excess of copper; on đilutlon, white CuCl or pale yellow 
CuBr is precipitated. Addition ofI” to a solution of Cu” forms a precipitate that 
rapidly and quantitatively decormposes to CuÏl and Iodine. CuF is unknown. The 
halides have the zinc blende structure (tetrahedrally coordinated Cu”). They are 
insoluble in water, but the solubility ¡is enhanced by an excess of halide ions 
Oowing to formatlon of, for example, [CuCl;]”, [CuQl];] 2=. and [CuCL]”-. 


Copper() Complexes 


The most common types of Cu' complexes are those of simple halide or amine li- 
gands and are usually #frahedrzi. Even those with stoichiometries such as K;CuC]; 
suill have tetrahedral coordination as there are chains sharing halide lons. 
Copper(I) also forms several kinds of polynuclear complexes In which four 
Cu atoms lie at the vertices of a tetrahedron. In Cu„l,L„ (L = RạP or R;As$) 
species, there is a triply bridging I atom on each face o£ the Cu¿ tetrahedron and 
one ligand (L) is coordinated to a Cu atom at cach vertex (Structure 24-IX). 


24-41 The Chemistry of Copper(II), đ” 


Most Cu! compounds are fairly readily oxidized to Cu”, but further oxidation to 
Cu”! ịs difficult. There is a well-defined aqueous chemistry of Cu””, and a large 
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number of salts of various anions, many o£ which are water soluble, that exist In 
addition to a wealth of complexes. 

Before we discuss copper(II) chemistry, It is pertinent to note the stereo- 
chemical consequences of the đ configuration of Cu”. This makes Cu” subject 
to distortions (Secton 23-8) 1 placed In an environment of cubic (1I.e., regular 
octahedral or tetrahedral) symmetry. The result is that Cu” is nearly always 
found In environments appreclably distorted from these regular symmnetries. 
The characteristic distortion of the octahedron 1s such that there are ƒowr short 
Cu —L bønds ?m the blane and truo trans long ơn¿s. Ín the limit, thịs elongation leads 
to a situatlon indistinguishable from square coordination, as found in CuO and 
many discrete complexes of Cu”, Thus the cases of tetragonally distorted “octa- 
hedral” coordination and square coordination cannot be sharply differentiated. 

Some distorted tetrahedral complexes, such as M¿CuX%,, are also known pro- 
vided M §s large like cesium. The compound (NH¿);CuOl¿ has a planar anion. 


Binory Compounds 


Black crystalline CuO ¡s obtained by pyrolysis of the nitrate or other oxo salts; 
above 800 ”C it decomposes to Cu,O. The #yđroøx¿3¿ is obtained as a blue bulky 
precipitate on addition of NaOH to Cu”" solutions; warming an aqueous sÏurry 
dchydrates this to the oxide. The hydroxide is readily soluble in strong acids and 
also in concentrated NaOH, to give deep blue anions, probably of the type 
[Cu„(OH);„_ ;]”". In ammoniacal solutions the deep blue tetraammine com- 
plex, [Cu(NH;)„]Ÿ”, is formed. 

The common »242s are the yellow chloride and the almost black bromide, 
having structures with infñinite parallel bands of square CuX„ units sharing edges. 
The bands are arranged so that a tetragonally elongated octahedron is com- 
pleted about each copper atom by halogen atoms of neighboring chains. Both 
CuOl; and CuBr; are readily soluble in water, from which hydrates may be crys- 
tallized, as well as in donor solvents, such as acetone, alcohol, and pyridine. 


The Aqud lon and Aqueous Chemisiry 


Dissolutlon of copper, the hydroxide, carbonate; and so on, in acids gIves the 
blue-green aqua ion that may be written [Cu(H,O),]?*. Two of the H:O mole- 
cules are further from the metal than the other four. Of the numerous Crys- 
talline hydrates the blue sulfate (GuSO„'5H,O) ¡is best known. It may be dehy- 
drated to the virtually white anhydrous substance. Addition of ligands to aqueous 
solutlons leads to the formation of complexes by successive displacement of 
water molecules. With NH:, for example, the species [Cu(NH;) (H;O),]?' - - - 
LCu(NH;)¿(H;O)¿]?* are formed in the normail way, but addition of the fifth and 
sixth molecules o£ NH; is difficult. The sixth can be added only in liquid am- 
monia. Phe reason for this unusual behavior is connected with the Jahn-Teller 
effect. Because of it, the Cu” ion does not bind the ññh and sixth ligands 
strongly (even the H;O). When this intrinsic weak binding of the fifth and sixth 
Ủigands is added to the normally cxpccted decrease in the stebwise formation 
constants (Section 6-4), the formation constants (K; and Kẹ) are very small in- 
deed. Similarly, it is found with ethylenediamine that [Cu(en) (H;O)„]?* and 
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[Cu(en);(H;O);]°* form readily, but [Cu(en);]Ÿ° is formed only at extremely 
high concentrations of en. 

Multidentate ligands that coordinate through O or N, such as amino acids, 
form copper (II) complexes of considerable stability. The blue solutlons formed 
by additon of tartrate to Cu”" solutions (known as f2bng% solufion when basic 
and when sœtartrate is used) may contain monomeric, dimeric, or polymeric 
specles at different pH values. The dimer, Na;[Cu{(+)C.O¿H;}]-5H;O, has 
square Cu” coordination, two tartrate bridges, and a Cu——Cu distance of 2.99 Ả. 


Polynucleor Compounds with Mognetic Anomollies 


Copper forms many compounds in which the Cu—Cu distances are short 
enouph to indicate significant M-M interaction, but In no case is there an actual 
bond. Particular examples are the bridged czrboxylz/s and the related 1,3-trr- 
azenido complexes (Structures 24-X and 24-XI). Although in other cases Of Car- 
boxylates with the same structure (Crz, Mo;, Rhị', or Ru¿°”") there is a definite 
M—M bond, this is øø/ so for Cu. However, there is weak coupling of the un- 
paired electrons, one on each Cu” ion, giving rise to a singlet ground state with 
a triplet state lying only a few kilojoules per mole above it; the latter state is thus 
appreciably populated at normal temperatures and the compounds are para- 
magnetic. At 25 °C, H„„ is typically about 1.4 BM per Cu atom and the tempera- 
ture dependence is very pronounced. The interaction ¡involves either the 
đ.2_s2 orbitals of the two metal atoms directly or transmission through the 7t or- 
bitals of the bridge group, or both. 
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Cotolytic Properfies of Copper Compounds 


Copper compounds catalyze an exceedingly varied array of reactions, heteroge- 
neously, homogeneously, in the vapor phase, In organic solvents, and in aqueous 
solutions. Many of these reactions, particularly If in aqueous solutions, involve 
oxidation-reduction systems and a Cu-Cu” redox cycle. Molecular oxygen can 
often be utilized as an oxidant, for example in copper-catalyzed oxidations of 
ascorbic acid and in the Wacker process (Section 30-1 L). 

The oxidation probably involves an initial oxidative addition reacton 
(Section 30-2): 
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Cu" + O; = CuO,* (24-41.1) 
CuO,* + H* = Cu?* + HO, (24-41.9) 
Cu* + HO, = Cu?! + HO; (24-41.3) 
H* + HO,- = HạO, (24-41.4) 


Copper compounds have many uses 1n organic chemistry for oxidations, for 
example of phenols by Cu”'-amine complexes, halogenatlons, coupling reac- 
tions, and the like. Copper(H) has considerable biochemical Importance (see 
Chapter 31). 


STUDY GUIDE 


Scope and Purpose 


We have presented a rather large amount of information in a somewhat tradi- 
tional and descriptive fashion, namely, a steady “mnarch” through the metals of 
the first transition series and their compounds. For each element we have pre- 
sented the important or interesting properties of the element and its inorganic 
compounds. The student should fñnd it satisfying that the descriptions of the 
compounds and their reactivities are readily set down in the same “language” 
and using the same theories as those developed earlier in the text. 

*SG For cach metal we have organized the presentation in terms of Important 
oxidation states, coordination numbers, geometries, number of 

đ electrons, and types of compounds. We also mention, where appropriate, the 
various thermodynamic stabilities of the derivatives of a particular metal ion, as 
well as the kinetic and mechanistic aspects of the reactions. The pmncipal inor- 
ganic binary compounds are given first for most elements, followed by the more 
complex derivatives of an essentially inorganic nature, organized by the impor- 
tant oxidation states of the element. We anticipate covering the metalloorganic 
compounds in later chapters. 


S†ludy Questions 
A. Review 


1. Write down the g8round-state electron configurations for the ions and atoms Tết, Vimi 
Cr”*, MnŠ*, Fe°, Co*, Ni®', CuẺ*, and TIẺ*, 


2. Which of the ions in Question ] typically form octahedral complexes, tetrahedral 
complexes, or five-coordinate complexes? 


3.  Which of the complexes of Question 2 would you expect to show Jahn-Teller distor- 
tong? 


4. What is the chief structural đifference between TIOSO,-H:O and VOSO„5 H,O? 


5. List two examples each where the transition metal compounds MOI, and MCI; be- 
have as Lewis acids. 


6. Give two examples of disproportionation reactions that were presented in this chap- 
ter, 


7. Explain why the V—O stretching frequency changes when bis(acetylacetonato)oxo- 
vanadium(TV) is dissolved in pvridine. 
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14. 


15. 
16. 


1. 


'What happens when a solution o£ K;CrzO; is added to solutions of (a) E~ (b) T (c) 
B (1T {) OH- (f) NÓC. (g)8@† (h)⁄H,;O§ 


Give two examples each of the spinels, perovskites, and alums. 


._ Explain why the trivalent ions give acid solutions in water. Write balanced equations 


to 1Ìlustrate YOUF anSWeT. 


-_ Draw the structures of €ra(CO,CH;) ;(H;O); and CrzO(CO,CH;)¿(H;O) ;CI. Classify 


cach atom in these structures according to the AB,E, scheme of Chapter 3, and 
choose a hybridization for each nonmetal, nonterminal atom. 


._ What are the structures o£ [Ni(acac);]s, CrCl;(thf);, and CrOz;py? 
._ Why is it that the freshly prepared hydroxide (a) of Mn”" is white, but turns dark 


brown in air, (b) of Co”? is blue, but turns pink on warming, and (c) of Cu”” ¡s blue, 
but turns black on warming? 

What is the number of unpaired electrons in complexes of (a) spin-paired Mn”", (b) 
tetrahedral Cr*, (c) tetrahedral CoŠ*, (d) octahedral VỶ*, (e) octahedral Co”, (f) 
low-spin Fe”*, and (g) high-spin Mn”°”? 

Give an example ofa complex representing each case in Problem 14. 

How is oxygen bound in the complexes (a) Cs¿[TiO;F;], (b) K;[CrO;], and (c) 
[CozO;(NH;)¡o](SO¿);? 

Enumerate the possible isomers of [Co(en);(SCN);]”, and name each one accord- 
¡ng to proper nomenclature. 


B. Addifiondl Exercises 


ỀỆ 


Draw the structures of each reactant and product found in Reactions 24-7.4, 24-14.2, 
24-18.1, 24-25.7, and 24-33.7. 


. Most M—O—M bonds are angular but some are linear, namely, that ín 


[ (NH;:) sCr—O——Cr(NH;);] =. 'Why? 


. The densites of the metals Ca, Sc, and Zn are, respectively, 1.54, 3.00, and 7.13 g 


cm. Make a plot of these data along with those given in Table 24-1 for the first tran- | 
siion series, and explain the various features and trends that arise. 


.‹ Dimethyl sulfoxide (DMSO) reacts with Co(ClO¿); in absolute ethanol to form a 


pink product that is a 1:2 electrolyte, and that has a magnetic moment o£ 4.9 BM. The 
compound CoGl;, however, reacts with DMSO to form a dark blue product with a 
magnetic moment (per Co) o£ 4.6 BM. The latter is a 1:1 electrolyte that has an em- 
pirical formula of Co(dmso);Cl;. Suggest a formula and a structure for cach com- 
pound. 

Mn(acac)s has axial Mn——O bond lengths (~ 1.94 Ả) that are shorter than the zgua- 
foriaiones (~ 2.00 A). Explain. 

'Write balanced chemical equations for 

(a) Reaction of the aqua ion o£ Co? with the disodium salt of EDTA. 

(b) Addition of sodium bicarbonate to aqueous Fe”. 

(c) Reduction of Mn”" by water. 

(đ) Air oxidation of Fe?'(aq). 

(e) Hydrolysis of T¡CL. 

(f)_ Oxidation of TỶ” by HạO;. 

(g) Dissolution of the acidic VạO; into aqueous NaOH. 

(h) Dissolution of the hydrous oxide VO(OH); in aqueous HNO¿. 

()  Burning of Cr 1n AT. 

()_ A preparaton o£ CrOx. 
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(k) Hydrolysis of CrO,Cl¿. 

()_ Oxidation ofaqueous Mn" with PbO;. 
(m) A preparation o£ [Co(NH;)¿]”'. 

(n) Addidon of to aqueous Cu””. 

(o) Reaction ofaqueous Cu”" with cyanide. 


How is the prefcrred tetrahedral coordination obtained in complexes with an ap- 
parent nontetrahedral stoichiometry, sụch as K;CuCl;? 


-_ Predict the number ofunpaired electrons in [Fe(H;O);]?” and [Fe(CN)gs]. Explain 


YOUT T€aSOnInE. 

Draw the structures of øœs-[VO;CL,]”” and œ+[VO;(ox)s]Ÿ”. 

Draw the structures o£ [TICI,(OPCI;) ];, [T¡GIL,(CH;CO,C,H,)];, and TiCL(OPCI;)¿. 
Classify each atom in the structures as AB,E,, and choose a hybridization for each 
nonterminal, nonmetal atom. 


C. Problems from the Liferdture of Inorganic Chemisiry 


1. 


Consider the five-coordinate nickel(H) complex studied by K. N. Raymond, P. W. R. 

Corfield, and J. A. Ibers, /ørg. Chøm., 1968, 7, 1369-1372. 

(a) What geometries are reported for the [Ni(CN)„]?” ion? 

(b) What hybridization should be chosen for each Ni” ion? What crystal field dia- 
grams should be drawn for each? 

(c) How bịg an energy difference is there, apparently, between these two coordina- 
tioön geometries? 

(d) What minimum sequence of atomic motions would be required to convert one 
geometry into the other? 

(e) Write balanced equations for the synthesis of this compound from cobalt() 
chloride, ethylenediamine, [Ni(CN)„]”(aq), and KCN. . 

Titanum(IV) compounds are discussed in the article by 1._J. Kistenmacher and G. D. 

Stucky, xơ. Chem., 1971, 70, 129-139, 

(a) Write balanced cquations for the syntheses of [PCH]s[TiạChạ]- and 
[POL,] [Ti¿Clạ], as performed in this work. 


(b) Discuss the tendency for Tỉ to be octahedrally coordinated, as illustrated by 
these two compounds. 


(c) Explain the two reactions from the viewpoint of chloride ion transfer. 

(d) How and why does the solvent (here either SÒCI, or POCI;) influence the for- 
matlon o£ [Ti;Cl¡¿]?” instead of [Ti,Cl,]”? 

Pentacoordinated copper(II) ions were reported by K. N. Raymond, D. W. Meek, 

and J. A. Ibers, zørg. Chem., 1968, 7, 1111-1117. 

(a) What geometry is reported for [CuCl,]”” in this compound? 

(b) Compare the geometries and the crystal fñield diagrams of [Ni(CN),]Ê-, 
[CuGCl;]”, and [MnCI,]?. 

(c)  Why are the axial Cu—Cl bond lengthsin [CuCl,]”~ shorter than the cequatorial 
ones? 


Consider isomerism among nickel complexes as reported by R. G. Hayter and E. $. 

Humiec, nøzg. Chzm., 1965, 4, 1701—1706. 

(a) For the complexes NIX:(PRPh;);, state the trend that is observed for 1SOmer 
preference when X = CT, Br”, or I. When does the System prefer square planar 
or tetrahedral geometry? 


(b) Which geometry should lead to Paramagnetism and which should lead to dia- 
magnetism? Explain with crystal field diagrams. 
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(c) How is isomer preference related to ligand field strength in the series of com- 
plexes with ligands P(C.H;);, P(C,H;);C¿H;, PC,H; (G¿H,);, and P(C¿H;); and 
for the series of complexes with ligands SƠN”, CL, Br”, and I? 

5. Consider the adduct of oxovanadium(IV) dichloride as reported by J. E. Drake, 

J- Vekris, and J. S. Wood, J. Chem. Soc. (4), 1968, 1000—1005. 

(a) Write an equation for the synthesis in ammonia of the tile compound. 

(b) What is the significance of the magnetic susceptibility (H,;; = 1.74 BM) found for 
this compound? 

(c) Describe the V—O multiple bond by showing orbital-overlap diagrams. 

(d) How strong is the V-——O œ bond as judged by the V—O distance? 

(e) Why, according to the authors, is the coordination geometry around this oxo- 
vanadium(IV) compound a trigonal bipyramid and not the usual square pyra- 
mid? 

6. Consider the redox reactons reported by A. J. Miralles, R. E. Armstrong, and 

A. Haim, J. Am. Chem. Soc., 1977, 99, 1416—1420. 

(a) Prepare crystal field diagrams (with electrons properly configured) for 
[Ru(NH,);py]”,  [Go(NH;);py]”, [Fe(CN)a¿]“, [Fe(CN)a]”, and 
[Ru(NH;)¿]”'. 

(b) How were these reactions shown to proceed via outer-sphere electron transfer 
mechanisms? 

7. Consider the anation reactions studied by W. R. Muir and C. H. Langford, l»ørg. 

Chem., 1968, 7, 1032-1043. 

(a) Why should exchange of dmso-ligand with DMSO-solvent be more rapid than 
anation? Explain by drawing the solvated activated complex along an lạ reaction 
pathway, and consider the probability of solvent versus anion entry into the first- 
coordination sphere. 

(b) What evidence favoring an lạ mechanism for anation do the authors report? 

(c) _ What evidence is cited in opposition to an associative mechanism? 
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THẺ ELEMENTS OF THẺ 
SECOND AND THIRD 
TRANSITION SERIES 


25-1 


Generadl Remdrks 


Some important features of these elements compared with those of the first se- 
ries are as fOlÌOWs: 


Radi. The rađö of the heavier metals and ions are larger than those of the 
first series. Because of the lanthanide contraction (Section 8-12 and Table 
26-1) the radii of the third series show little difference from those of the second 
series, despite the increased atomic number and total number of electrons. 


Oxtdatfton States. 


1. The higher oxidation states are significantly more stable than those of the 
fñirst series. The oxo anions [MO,]”~ of Mo, W, Tc, Re, Ru, and Os are less 
readily reduced than those of Cr, Mn, and Fe. Some compounds, such as 
WGCI,, ReF;, RuO„, and PtFạ, have no analogs in the first series. The ele- 
ments in Groups IVA(4) to VIA(6) prefer their highest oxidation state. 

2. The II oxidation state is of relatively little importance except for Ru, Pd, 
and Pt. For Mo it is important, but is quite different (Mơ?) from 

chromium (Cr?*). Similarly the HI oxidation state 1s relatively unimpOor- 

tant except for Rh, Ir, Ru, and Re. 


Metal-Metal Bơnding. For the first-row elements, M—M bonding occurs only 
in metal carbonyls and related compounds (Chapter 28) and in binuclear com- 
plexes of chromium(1II), for example, Crạ(O;CMe)„(H;O);. The heavier ele- 
ments are more prone to metal-to-metal bonding. 


1. There are binuclear species of the type M;(O;CCH;)¿, where M = Mo, 
Rh, and Ru, as well as binuclear halides of Mo, Tc, Re, and Os (e.g., 
[ReaCI;]?) that have strong multiple M—M bonds. 

2_ There are halides of Nb, Ta, Mo, W, and Re that are cÏluster compounds 
(e.g., [TagClh;]?°? and [Re;Cl;]”). Some [Au¿;lŸ? clusters are also 
known. 


Magnetic Proberties. The heavier elements tend to glve lo-sbin compounds. 
lons with an even number of electrons are often diamagnetic. Even where there 
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1s an odd number of đ electrons, there 1s frequently only one unpaired electron. 
The simple 1nterpretation of magnetic moments that is usually possible for first- 
TOW Daramagnetic specIes can seldom be made because of complications due to 
spin-orbit coupling. The spin-pairing can be attributed to the greater spatial ex- 
tension of the 4đ and 5đ orbitals. Đouble occupancy of an orbital produces less 
interelectronic repulsion than in the smaller 3đ orbitals. The electronic absorp- 
tion spectra are also more difficult to interpret in general. À given set of ligands 
produces splittings in the order 5đ > 4ä > 3d. 


Siereochemnsiries. For the early members of the second and third rows espe- 
cially, higher coordination numbers of seven and eight are more common than 
1n the first-row elements. However, for the platinum group metals, the maximum 
coordination number, with few exceptions, is six. 


ZIRCONIUM AND HAFNIUM 
25-2  General Remdrks: The Elemeni†s 


The atomic and ionic radii of Zr and Hf are virtually identical. Hence, their 
chemistry 1s remarkably similar. There are usually only small differences, for ex- 
ample, in solubilities or volatilities of compounds. 

The significant differences from TÌ are: 


1. There are few compounds in oxidation states below IV. 

2. The +4ions have a high charge, there is no partly 8lled đ shell that might 
g1ve stereochemical preferences, and they are relatively large (0.74 and 0.75 Ả). 
Thus they usually have coordination numbers in compounds and complexes of 
seven and eight rather than six, and various coordination polyhedra are formed, 
especially with O and E ligands. For example, we have 


Vy Octahedron in Li;ZrFs and CuZrFg'4H,O 

0ï) c8 Pentagonal bipyramid, in Na;ZrE; 

ZrE- Capped trigonal prism in (NH,)„ZrF; 

ng Tiện Pentagonal bipyramids sharing an edge in K,CuZr;F¡;'6H,O 
ZIE.= Square antiprism, in CusZrF¿°19 H;O 

4110 v7 Square antiprisms sharing an edge in Cu;Zr;F;„:16H;O 


3. Though there are a few compounds of Zr1, particularly the halides, this 
1S nOt nearly so important an oxidation state as for tỉtanium. 


ZIrCOnium OCCUrS as baddelaye (a form of ZrO;) and zzeœ (ZrSiO,). 
Hafnium always accompanies Zr to the extent of fractions of the percentage of 
4r. Separations are difficult, but solvent extraction or lon-exchange procedures 
are cffcctive. The metals are made by the Kroll process (Section 24-5). They are 
similar to Tỉ both physically (being hard, r€sistant, and stainless steel-like in ap- 


pearance) and chemically (being readily attacked only by HE, to give fluoro com- 
plexes). 
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COMPOUNDS OF ZIRCONIUM(IV), đ° 


25-3 


25-4 


Since the chemistries of Zr and Hf are so similar, we shall refer only to Zr. All the 
compounds are white unless the anion is colored. 


Binary Compounds 


The øx2đ¿ ZrO; 1s made by heating the hyẩrøws ox2d¿, which is precipitated on 
addition of OH~ to ZŸ solutions. Zirconium dioxide is very refractory (mp 
2700 °C) and exceptionally resistant to attack. It is used for crucibles, furnace lin- 
ings, and so on. 

The /efzachioride 1s made by direct interaction or by acton of CÏ; on a mix- 
ture of ZrO; and €. It is tetrahedral in the vapor phase but in crystalline form 
there are chains of ZrClạ¿ octahedra. 

Like T¡ICL,, ZrCH¿ 1s a Lewis acid and forms adducts with donors such as CỦ, 
POCI;, and ethers. It is only partially hydrolyzed by water at room termperature 
to give the stable oxide chloride, ZrOC];. 


Aqueous Chemisiry and Complexes 


Zirconium dioxide is more basic than titanium dioxide and is virtually insoluble 
in an excess of base. There is a more extensive aqueous chemistry 0Ÿ zirconium 
because of a lower tendency toward complete hydrolysis. Nevertheless, it 1s 
doubtful whether Zr”' aqua ions exist even in strongly acid solutons. The hy- 
drolyzed ion is often referred to as the “zirconyl” ion (ZrO#*), but Zr=O bonds 
đo øø/ exist. The complex ZrOCI,8H,O, which crystallizes from dilute HƠI so- 
lutions, contains the ion [Zr¿(OH)s(H;O)¡¿]Ÿ*. Here the Zr atoms lie in a dis 
torted square, linked by pairs of hydroxo bridges, and also bound to four HạO 
molecules so that each Zr atom is coordinated by eight oxygen atoms in a dis- 
torted dodecahedron. 

Like Ce?* and other +4 ions, Zr has an ?øđz#insoluble in 6 M HNO:. In fairÌy 
concentrated HF solutions, ơw% [ZrFạ] “- present in solution. The salts that 
crystallize ƒrøm these solutlons may contain [ZrF;]Š~, [ZrEs]*~, and binuclear an- 
ions as listed in Section 25-2. 

Other eightcoordinate complexes are the carboxylate, Zr(O;CR)„, the 
acetylacetonate, Zr(acac)„, the oxalate, Na„[Zr(ox);], and the nitrate, Zr(NO;)¿. 


NIOBIUM AND TANTALUM 


25-5 


The Elemenis 


Niobium and tantalum, though metallic, have chemistries in the V oxidation 
state that are similar to those of typical nonmetals. They have virtually no 
cationic chemistry but form numerous anionic complexes, most of whích have 
coordination numbers of seven and eight. In their lower oxidation states they 
form many metal-atom cluster compounds. Ônly niobium forms lower states in 
aqueous solution. 
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Niobium 1s l0-12 times more abundant than Ta. The coluzmbjte-tamialite se- 
ries Of minerals have the general composition (Fe/ZMn) (Nb/Ta)¿O;, with vari- 
able ratos of (Fe/Mn) and (NbB/Ta). Niobium 1s also obtained from øyrochlore, a 
mixed calcIum-sodIium niobate. Separaton and production of the metals is com- 
plex. Both metals are bright, high melting, and resistant to acids. They dissolve 
rapidly in an HNO;-HF mixture, and very slowly in fused NaOH. 


NIOBIUM AND TANTALUM COMPOUNDS 
25-6 The Chemistry of Niobium and Tantalum (V), đ° 


Binory Compounds 


The øx¿¿ (M,O;) are dense white powders, commonly made by ignidon of 
other Nb or Ta compounds in air. Addition of OH- to halide solutions gives the 
gelatinous hydrous oxides. The oxides are scarcely attacked by acids other than 
HE but are dissolved by fused NaHSO, or NaOH. Alkali fusion gives oxo anions 
that are stable in aqueous solution only at high pH. 


Halides and Their Complexes 


The penrafluorides are volatile white solids obtained by direct interaction. These 
complexes have a tetrameric structure [Eig. 25-1(z)] that ¡is characteristic for 
other pentafluorides. The øewachloridzs are yellow solids obtained by direct in- 
teraction. They are hydrolyzed to the hydrous oxide. In the crystalline form and 
in solvents like CCl, they are dimeric [Fig. 25-1 (ð) ]. Both halides abstract Oxygen 
from donors like (CH;);SO or ether on heating to give oxochlorides (MOCI;). 
Niobium pentachloride, Nb;Cl;¿, is reduced by amines to give Nb!Ÿ complexes 
e.g., NbCl(py)a. 

The halides are Lewis acids and give adducts with neutral donors and com- 
plex anions with halide ions. 

The ƒfiuoride soluioms contain [NbOE,]?”, [NbF,]-, and [TaRs]  plös [TáE„j°”. 
However, from these solutions salts of different Stoichiometry can be obtained: 
[NbOF;¿]”, [NbF;]?®”, and [TaF,]. 


^Ạ | sự món 


/ˆNưZ 1015° Ân 
230i) sat. 
cÍ“~—-t-dI“-—+‡~tl 

| | 

CI C 


sa..." 


Figure 25-T  (¿) The tetrameric structures of NbE; and TaF; (also MoF; and, with 
shght distortion, RuF; and OsE,). The Nb—-E bond lengths: 2.06 Ả (bridging), 1.77 Ả 
(nonbridging). [Adapted by permission from A. J- Edwards, J. Chem. Soc., 1964, 3714.] 
() The dinuclear structure of crystaline Nb;C1¡ạ. The octahedra are distorted, 
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25-7 Lower Oxiddlion Siales of Niobium and Tantalum 


The tetrahalides of niobium and tantalum are well known and readily form 
adducts, often with high coordination numbers. For example, with phosphines 
the following types of complexes are known: 


PR, X 


.sc | = R;P_ | — 


¡l8 l 
›c\ :  §..: .4›‹ 
PR¿ X 


25-I 25-II 
R Ƒ .PR; 
.MÈ—=PR, 
_ 
X ï X 
X 
- 95-III 


Coordination numbers of six (Structures 25-I and 25-I]), seven (Structure 25- 
II), and eight (Structure 25-IV) occur frequently in complexes of Nb!Ÿ and Ta!Y. 


The trivalent elements form some mononuclear octahedral complexes, but 
also form very stable dinuclear complexes containing metal-metal double 
bonds. Two of the important and typical ones, which involve edge-sharing and 
face-sharing octahedra are shown in Structures 25-V and 25-VI, respectively. 


H; 
Me C Me 
ớ 
MepZ “Me CI œ s4 c CI = 
CN ơi. vC .... mỹ 
.. M= „. N à” MCSNG 
lớii Ị lới| Ị CI EƯN €I¡ ŒI 3£t 
Me Z ¬_ ``M 
Mộ, Ờ"=. An EFt Et 
H; 
25-V 25-VI 


There are also cluster halides that have stoichiometries MX;;; or MX;;. 
They contain the [MạX;;]”" unit shown in Eig. 25-2. Thịs has an octahedron o£ 
metal atoms with halogen bridges. In aqueous solution, redox reactions OCCUr. 


[M;Cl;Ÿ*° =S=IM,CI;Ÿ' IM,G;]" (95-7.1) 
Diamagnetic 1 Unpaired Diamagnetic 
electron 


Salts of these cations can be ¡solated. 
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Figure 25-2 The structurc of the [M¿X;;]”* 
units found in many halogen compounds of 
lower valent niobium and tantalum. 
[Reproduced by permission from L. Pauling, 
The Nature 0ƒ the Chemical Bond, 3rd ed., 
Cornell University Press, Ithaca, NY, 1960. 
Used by permission of the publisher. ] 


MOLYBDENUM AND TUNGSTEN 
25-8 The Elemenis 


The elements Mo and W đo not resemble Cr except in compounds with 7-acid 
ligands. Thus the +2 state is not well known except in compounds with quadru- 
ply bonded Moÿ” units. The high stability of Cr" in complexes has no counter- 
part in Mo or W chemistry. For Mo and W, the higher oxidation states are more 
common and more stable against reduction. 

Both Mo and W have a great range of stereochemistries in addition to the 
varlety of oxidation states, and their chemistry is among the most complex of the 
transiton elements. "= 

Molybdenum occurs chiefly as molybdenite (MoS,). Tungsten ¡s found al- 
most exclusively in tungstates such as CaWO, (seheet) or Fe(Mn)WO, (0øi- 
#amile). 

Molybdenum ¡s roasted to the oxide MoO¿. Tungsten is recovered after al- 
kaline fusion and đissolution in water by precipitation o£FWO; with acids. The ox- 
ides are reduced with H; to give the metals as Bray powders. These are readily at- 
tacked only by HF-HNO: mixtures or by oxidizing alkaline fusions with Na;O, 
or KNO.-NaOH. 

The chief use of both metals ¡s in alloy steels; even small amounts cause 
tremendous increases in hardness and strength. “High-speed” steels, which are 
used to make cutting tools that remain hard even at red heat, contain W and Cr. 
Tungsten is also used for lamp filaments. The elements gIve hard, refractory, and 
chemically inert interstitial compounds with B, C,N, or Sĩ on direct reaction at 


hipgh temperatures. Tungsten carbide is used for tipping cutting tools, and the 
like. 
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Molybdenum ïs used in oxide and other systems as a catalyst for a varlety Of 
reactions, one example being thé “ammonoxidation” synthesis of acrylonitrile: 


CH,—CHCH; + NHạ +$ O¿——> CH,—=CHCN+3H,O_ (25-8.1) 


Molybdenum 1s present in some enzymes, notably those that reduce Na. 


MOLYBDENUM AND TUNGSTEN COMPOUNDS 
25-9 Oxides and Oxoanions 


The 0oxid2s are obtained on heating the metal or other compounds In air. 
Molybdenum trioxide (MoO;) is white and tungsten trioxide (WO;) is yellow. 
They are not attacked by acids other than HE but dissolve in bases to form molyb- 
dates or tungstates. Alkali metal or NH¿ salts that are water soluble contain the 
tetrahedral ions MoO?~ and WOZ2-. Most other cations give ¡insoluble salts; 
PbMoO, can be used for the gravimetric determination o£ Mo. 

When solutions of molybdates or tungstates are made weakly acid, conden- 
sation occurs giving complicated polyanions. In more strongly acid solutions the 
hydrafed oxides,, MoO;:2H,O (yellow) and WO;-2H;O (white), are formed. These 
contain MO; octahedra sharing corners. 

Unlike chromates that are powerful oxidants (Section 24-19), the Mo and W 
anions are weak oxidants. 


25-10 Hoiides 


Interaction of Mo or W with F; gives the colorless #xzƒfuorid¿s MoEs (bp 35 °C) 
and WEs (bp L7 °C). Both are readily hydrolyzed. 

Chlorination of hot Mo gives only the dimeric pentachloride (Mo;Cl¡o), 
which is a dark red solid with a structure in the crystal very similar to that of 
NbạC1;o [Fig. 25-1 (0) ]. 

The compound Mo;Cl;ạ is soluble in benzene and in polar organic solvents. 
It is monomeric in solution and is presumably solvated. It readily abstracts oxy- 
gen from oxygenated solvents to give the oxo species and ïs rapidly hydrolyzed 
by water. The preparation of other Mo chlorides is shown in Eig. 25-3. 

Chlorination of hot W gives the dark blue-black monomeric bexachloride 
WGI,. It is soluble in CS;, CCl¿, alcohol, and ether. It reacts slowly with cold and 
rapidly with hot water to give tungstic acid. Both Mo;C1;s¿ and WCls are the usual 
starting materials for synthesis of a variety oŸ compounds such as dialkylamides, 
alkoxides, organometallics, and carbonyls. 


Hạ reflux CCI¿ 
——_— Chọ ` = 5 MoO 
MöGE 400 °C 2⁄34) 1, benzene * 250 °C = 
Ề Mo || Cls in 
aq. HCI C1; | 500 ”C 600 °C || CỔI,, 250 °C 
CÚDT 


Mo Mo,Cl]:; —=—= [Mo¿C],] si salts 


750 °C 
[MoOCI,]?” 


Figure 25-3 The various preparations of molybdenum chlorides. 
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The so-called “dihalides” (MẹC];;) contain [M;CIl;]“* clusters (Fig. 25-4) sim- 
ilar to those of Nb and Ta, but with 8 face-bridging rather than 12 edge-bridging 
chlorine atoms. The Mo clusters differ in that they do not undergo reversible ox- 
idation, but W¿C]¡; can be oxidized by Cl; at high temperatures. The [MạX;]“” 
unIts can coordinate six electron-pair donors, one to each metal atom along a 
fourfold axis of the octahedron. Thus, in molybdenum dichloride, the 
(MosClạ)“” units are connected by bridging Cl atoms (four per unit) and there 
are nonbridging CÏ atoms in the remaining two coordination positions. 

The bridging groups in the [MạX;]“* units can undergo replacement reac- 
tion only slowly, whereas the six outer ligands are labile. Thus mixed halides 
such as MosClsaBr, and complexes such as [MosClg(Me;SO)¿]?*° and 
MosCl;Cl,(PPh;); can be made. 

In aqueous solution [MạX;]? units are unstable to štBangby nucleophilic 
groups such as OH", CN”, or SH”. 


25-11 Complexes of Molybdenum and Tungsten 


There are very many complexes of all types in oxidation states from II to VI. 


Mo" Species with Mo—Mo Quodruple Bonds 


Interacion o£ Mo(CO)¿ (Secton 28-8) with carboxylic acids gives dimers, 

Mo;(CO;R)¿, that have the same tetrabridged structure as Cr„(O,CR)¿ (Section 

24-16). Although Cr;(O,OCH;)„ with HCI gives only CrẺ*, the Mo—Mo bond is 

ko stronger and persists giving chloro complexes with quadruple Mo—Mo 
onds 


HGI(aq) 
—————— 


Mo†(O,CCH,), IMGTCI,°S“*SysMWffGI/L, (29H) 


where L is almost any neutral ligand. 


Figure 25-4 - The structural unit NI§XS*4s 
found frequently in halide cluster compounds. 
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Oxo Complexes 


The most accessible complex used for the synthesis of other complexes is the 
emerald green pentachlorooxomolybdate(V) ion, [MoOCI,]#-. This is obtained 
by reduction of [MoO,„]”~ in HCI solutlons or by đissolving Mo;Cl]¡s in concen- 
trated aqueous HT. Paramagnetic salts such as K;[MoOC];] can be Iisolated. On 
addition of NaOH to acid solutlons, equilibria involving dimeric species OCCUF. 


4— 


H 
>0 ` Ï 
2 MoOClj” ——> 2 MoOCI,(OH)?~” => | CLMo MoCl, 
Green _ àZ 
paramagnetic O H 


Dark 


7 paramagnetic 


ch 


C],.Mo— Ô) —MoCl, 
| (25-11.2) 


Red-brown 
diamagnetic 


The red-brown species represents a common type of MoŸ oxo species. These 
have an Mo,O, unit with either a linear or a bent Mo—O—Mo bridge. Other 
types have dioxo or disulfur bridges. 

In view of the interest in models for enzyme systems such as xanthine oxi- 
đase and sulfide oxidase, complexes with amino acids and organosulfur ligands 
have been studied. Two examples are the xanthate NHGC).(S.6OGSIT.), 
(Stưructure 95-VII) and the oxalate complex, [MoÿO,(C;,O,);(H;O);]”” (Struc- 
ture 25-VIII). 


C C 
l. ẢỈ 
. Đ ) 8 
`Mo—O—Mo. Ọ Ọ rã GIÁ li 
Ki | 44 Ly ` L8 || ,..Ð.. `  .. | 
S ° Mo 
ha ` lo>oZ⁄ 1 oZ I*oZ>o| laZ Lo 
J \ ;O OH, Cl 
25-VI 25-VII 25IX 


Molybdenum(VI) commonly forms đ7oxo species in which the two Mo==O 
bonds are cis. Thus MoO; in 12 Xi HCI gives [MoO.C1/]*— (Structure 25-IX). 

Tungsten does not form a comparable variety of oxo complexes, although a 
fcw are known. 


S9ó 


Chơpler 25 / The Elemenis of the Second œnd Third Trơnsifion Series 


TECHNETIUM AND PBHENIUM 
25-12 The Elemenis 


Technetium and rhenium differ considerably from Mn, the firstrow element. 


1. There is no analog of Mn“*(aq) and only a very few complexes are known 
1n the II oxidation state. 

2. There 1s litle cationic chemistry in any oxidatlon state even in com- 
plexes. 

3. Both elements have an extensive chemistry in the IV and V oxidaton 
states, and especially as oxo compounds in the V oxidation state. 


4. The oxo anions MO; are much weaker oxidants than permanganate. 


5. The formation of clusters and metal-to-metal bonds is a feature of the 
chemistry in the H to IV oxidation states. 


Tuznum 1S recovered from flue dusts in the roasting of MoSs ores and from 
residues in the smeldng of some Cu ores. It is usually left in solutions as the per- 
rhenate lon, ReO¡. After concentration, the addition of KCI precipitates the 
sparingly soluble salt, KReO,. 

All isotopes o£technetium are radioactive. “”[c (2.12 x 10” year) is recovered 
in kilogram quantities from fission product wastes. There may be more ?#Tc in 
existence on the earth than Re. 

The metals are obtained by H; reduction of the oxides or the (NH,)MO, 
compounds. They are very high melting and unreactive at room temperature, 
but they burn in O; at 400 °C to give the volatile oxides M;O;. They dissolve to 
give the oxo acid in warm aqueous Br; or hot HNO;. Rhenium dissolves in 30% 
HO:. 

Rhenium is used mainly in a Pt—Re alloy supported on alumina for catalytic 
re-forming of petroleums. Technetium, because of its radioactivity, 1s used for ra- 
diographic scanning of the liver, the heart, and other Organs. 


RHENIUM COMPOUNDS 


For present purposes, technetium compounds can be assumed to be similar to 
those of Re. 


25-13 Binary Compounds 


The yellow volatile oxide (Re,O,) is very hygroscopic and dissolves in water, rom 
which the oxide hydrate, O;ReOReO;(H;O)., can be obtained by evaporation. 
In NaOH, the perrhenate ion (ReOz) is formed. 

Saturation of HCI or H;SO, solutions of ReO¿ with H;S gives the black sui- 
/ƒ?de Re;S;. This procedure is used for Tecovery o£ Re from residues. 

The only ¿43s in the VI- and VII-oxidation states are the volatile ReE s and 
ReF;. Chlorination of Re at about 550 °C gIves dark red-brown ResCl;¿. It is a 
dimer like Mo;Cl¡o or TazCl¡ạ. On heating, the liquid decomposes to give the 
frichioride. Thị 1s a cluster compound whose structure is shown in Flig. 25-5. The 
ResCls units are linked into a polymer by sharing of Cl atoms. This unit is ex- 


tremely stable, persists in the vapor at 600 *C, and forms the structural basis for 
much o£ Re”" chemistry. 
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Figure 25-5. The cluster structure of RezCla. 


25-14 Oxo Compounđs and Complexes 


As with Mo and W, oxo compounds are important especially in the V and VH ox- 
Idatlon states. 

The salts of the øerrhenø ion (ReO¿) have solubilites similar to perchlo- 
rates, but salts of TcO¿ are more soluble than either. An insoluble perrhenate 
suitable for gravimetric analysis, (Ph„As) (ReO/), is given by the tetraphenylarso- 
nium ion. 

The ions are stable in water and are weak oxidants. In HCI solution ReO¿ is 
reduced by hypophosphite, partially to the chloro complex ion, [ReYGl]“, 
which forms stable salts such as K;ReCl¿, and partially to the [Re;Cl;]” ion, 
which is isoelectronic with the [Mo,Cl;]” ion and contains a quadruple bond 
between the metal atoms. 


Oxo Complexes 


The oxo complexes are numerous, as with Mo. Re;Cl¡a dissolves in aqueous 
strong HCI to give [ReOCI;]”. Oxo species may have the groups Re=O, 
Re—O—Re and ứrzøs O=Re=O (MoŸ! has cis dioxo groups) as well as linear 
O==Re—O—Re=O. 

There is an extensive chemistry of oxorhenium(V) compounds containing 
phosphine ligands. The complexes ReOCI;(PR;); are obtained by interaction o£ 
ReO¿ with PR„ in ethanol containing HCI. The halide ion (or other ligand) op- 
pOsite to the Re=O bond ¡s labile; in ethanol, for example, it is rapidly replaced, 
giving ReOCI;(OCH,) (PR:);. 


THE PLATINUM METALS 
25-15 Generdol Remdrks 


Ruthenium, osmium, rhodium, iridium, palladium, and platinum are the six 
heaviest members of those in Groups VIIA(8), VIHA(9), and VIHA(10), com- 
monly known as the platinum metals. They are rare elements, with plainum 
being the most common having an abundance of about 10”°%, whereas the oth 
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ers have abundances on the order of 107%. These elements occur as metals, 
often as alloys such as osmiridium, and in arsenide, sulfide, and other ores. The 
clements are usually associated not only with one another but also with nickel, 
copper, silver, and gold. 

The compositons of the ores and the extraction methods vary consider- 
ably.An important source ¡is South African Ni-Cu sulfide. The ore is concen- 
trated by gravitation and flotation, after which It is smelted with lime, coke, and 
sand and is bessemerized in a convertor. The resultng Ni-Cu sulfiide “mnatte” 1s 
cast into anodes. Ôn electrolysis in sulfuric acid solution, Cu 1s deposited at the 
cathode, and Ñi remains in solution, from which it 1s subsequently recovered by 
electrodeposition, while the platinum metals, silver, and gold collect in the 
anode slimes. The subsequent procedures for separation of the clements are 
very complicated. Although most of the sebarations used to involve cÏassical pre- 
cipitatons or crystallizations, ion-exchange and solventextraction procedures 
are now used. 

The metals are grayish white and are obtained initially as powders by igni- 
tion of salts, such as (NH¿);PtClạ. Almost all compounds of these elements give 
the metal when heated. However, Os is readily oxidized by air to the very volatile 
oxide OsO„, while Ru gives RuO;, so that reduction by hydrogen is necessary to 
recover the metals. 

The metals can also be thrown out from acid solutions by the action of Zn, 
a common recovery procedure known as “footing.” 

The metals are chemically inert especially when massive. The elements Ru 
and Os are best attacked by an alkaline oxidizing fusion, Rh and Ir by HCI + 
NaO1O; at 125 to 150 °C, and Pd and Pt by concentrated HCI + C1; or aqua regia. 

The metals, as gauze or foil and especially on supports such as alumina or 
charcoal, onto which the metal salts are absorbed and reduced ¿» $fu, ar€ ©X- 
tensively used as catalysts in industry. One of the biggest uses of Pt is as Pt-Re or 
PtGe on alumina catalysts in the re-forming or “platforming” of crude petro- 
leum. The Pd and Rh compounds are used in homogeneous catalytic syntheses 
(Chapter 30). The catalytic “after burners” in use on automobile exhausts use a 
platinum metal catalyst. 

Platinum or its alloys are used in electrical contacts. 

Both Pd and Pt are capable of absorbing large volumes of molecular hydro- 
gen, and Pd ¡is used for the puriiication o£ H; by difusion, since Pd metal is 
uniquely permeable to hydrogen. 


25-16 Generdl Remdrks on the Chemistry of the Ploiinum Metols 


The chemistries of these elements have some common features, but there are 
wide variations depending on difering stabilides of oxidation states, stereo- 
chemistry, and the like. There is little simllarity to Fe, Co, and Ni ©€xc€pt in some 
compounds of 7-acid ligands such as CO and in stoichiometries of compounds. 


The important oxidation states are listed in Table 25-1. Some general points are 
as follows. 


Bimary Cơmbounds. The halides, oxides, sulfides, and phosphides are not of 
ðreat Importance. 
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Aqueous Chemistry. Thìs chemistry is almost exclusively that of complex com- 
pounds. Aqua ions of Ru”, Ru”!,Rh”!, Ir”!,Pd” and PtÏ exist in solutions of non- 
complexing anions, namely, CIO¿, BE¿, CEF;SO; or ø-toluenesulfonate, but are 
not ordinarily o£ Importance. 

A vast array of complex lons, predominantly with halide or nitrogen donor 
ligands, are water soluble. Exchange and kinetic studies have been made with 
many of these because of interest in (a) trans effects, especially with square Pt”, 
(b) differences In substitution mechanisms between the Ions of the three transI- 
tion metal series, and (c) the unusually rapid electron-transfer processes with 
heavy metal complex lons. 


Cornbounds tuìth 7-Acid L¿gands. 


1. Binary carbonyls are formed by all but Pd and Pt, and the majority of 
them are polynuclear. Substituted polynuclear carbonyls are known for 
Pd and Pt, and all six elements give carbonyl halides and a variety o car- 
bonyl complexes containing other ligands. 

2. For Ru, nitrosyl (NO) complexes are a common feature of the chemistry, 
especially in soludons containing nitric acid. 

3. There is an extensive chemistry of complexes with tertiary phosphines 
and phosphites, and to a lesser extent with RzAs and R;S. Some of these 
are useful homogeneous catalysts (Chapter 30). 

Mixed complexes of PR; with CO, alkenes, halides, and hydride lig- 
ands In at least one oxidation state are common for all of the elements. 

4. All the elements have a strong tendency to form bonds to carbon, espe- 
cially with alkenes and alkynes; Pt”, PẺŸ, and to a lesser extent Pdử have 
a strong tendency to form Ø bonds, while Pd” very readily forms 7allyl 
species (Section 29-16). Ì 

5.A characteristic feature is the formation of complexes with M—H bonds 
when the metal halides in higher oxidation states are reduced, especlally 
in the presence of tertiary phosphines or other ligands. Hydrogen ab- 
straction from reaction media such as alcohols or DME is common. 


Oxidatiơn Siates. The main oxidafion síaies are given 1n Table 25-]. 


Table 252] Oxidation States of Platinum Metals (Bold Type Shows Main States) 


Ru Os Rh Ir Pd Pt 
.._  .__ _—. 1 "“aaaa.oằằẽgăẵaăẵăaa 
0 0 0 0 0 0 
1 1 1 ) 
2% Z 2 2 # 2 
3 3 3 3 SN 
4 4 4 4 4 4 
B22 B«° ' B2 Ba B4 B“ 
6“? 6“? 6“ 62 6“ 6“ 
j” te 
8“ b “ ° 


“In fluorides or fluoro complexes. 
?In oxides or oxO anions. : 
“Usually in binuclear compounds with M—M bonds. 


ó00 


Chopter25 / The Elemenis of the Second œnd Third Transition Series 


Stereochemistry. The coordinadon number exceeds six in only a few com- 
pounds, for example, OsH,(PR;); and IrH;(Pr;)s. Most complexes 1n the +3 
and +4 oxidation states are octahedral. The đŠ species Rh!, Ir', Pd”, and Ppử 
normally are square or five coordinate complexes. 

The +9 oxidation states for Ru and Os form five or six coordinate compÌexes. 


RUTHENIUM AND OSMIUM 
25-17 Oxo Compounds of Ru†ihenium and Osmium 


One of the most characteristic features of the chemistry of Ru and Òs is the ox- 
idation by aqueous oxidizing agents to give the volatile /raox¿d4s. 

Orange-yellow RuO¿ (mp 25 °C) is formed when acid solutions containing 
Ru are oxidized by MnO¿, Cl;, or hot HCIO,. It can be distilled from the solu- 
tions Or swept out by a gas stream. 

Colorless OsO„ (mp 40 °C) is more easily obtained and HNO; is a suffi- 
ciently powerful oxidant. The distillation first of OsO¿ and then o£ RuÕ¿ is used 
in their separation from other platinum metals. The RuO/ is collected In strong 
HCI solutions where it is reduced to a mixture of Ru”" and Ru" chloro com- 
plexes. The evaporated product is sold as RuCl;'3H;O, the commonest starting 
materlal for syntheses of Ru compounds. 

The tetraoxides consist o£ tetrahedral molecules. These compounds are ex- 
tracted from aqueous solutions by COl,. Both are powerful oxidants. QsOÖ¿ 1s 
used in organic chemistry since it oxidizes alkenes to cis diols. It 1s also used for 
biological staining as organic matter reduces it. Osmium tetraoxide presents an 
especial hazard to the eyes and must be handled carefully. Ruthenium tetraox- 
ide is mụch more reactive and can react vigorousÌy with organic matter; It is Very 
tOXIC. 

Dissolutlon of OsO¿ in base gIves a colorÌess øxo đơn 


OsO„+ 9 OH- = [OsO,(OH)„]2~ (25-17.1) 


which can be reduced to [OsO;(OH)„]?”. 

For Ru, the most Important oxo anion is orange [RuO„]#", obtained by fus- 
¡ng Ru compounds with Na;O; and dissolving the melt in water. The difference 
In stoichiometry may be due to the greater ability of the 5đ anion to increase its 
coordination shell. 

Reduction of RuO¿ by HƠI in the presence of KCI gives K„[RuaOCl;¿] as red 
crystals. This oxo species of Ru'Y(đ') is diamagnetic because the electrons be- 
come paired in a MÔ extending over the /zar Ru—O——Ru bridge. 


25-18 Ruthenium Chloro Complexes and Aqud lons 


The commercial product RuCl;'3H;O, on evaporation with HCI, is reduced to 
ruthenium(TT) chloro complexes. The ion [RuCl¿]?- may be obtained with high 
concentrations o£ C]. The rate of replacement of Cl” by H,O decreases as the 
number of Cl” ions decreases so that whereas the aquaton of [RuCl,]Š” to 
[RuGCI;(H;O) ]”” occurs within seconds in water, the hal£reaction tỉme for con- 
version of [RuCl(H;O); ]Ê” to [Ru(H;O)¿]Ÿ* is about 1 year. Intermediate species 
such as #rzns-[ RuCl;(H;O)¿]” can be isolated by ion exchange procedures. 


25-21 Tertiary Phosphote Complexes ó0] 


The CT can be removed by AgBE¿ and the +3 ion electrolytically reduced to 
the easily oxidized +2 aqua ion. 


[Ru(H,O)¿]??+e = [Ru(H,O)g]#*  E°=023V_ (95-181) 


25-19 Ruthenium Amine Complexes 


There is an extensive chemistry of Ru with nitrogen ligands. Some of the chem- 
istry is summarized in Fig. 25-6. The [Ru(NH;);]°“ group has remarkable 
7-bonding properties. Ít forms complexes with CO, RNC, N,O, and SO;, and its 
dinitrogen complex was the first Ñ; complex to be made. 


25-20 Nitric Oxide Complexes 


25-21 


Both ruthenium and osmium form octahedral complexes (ML;NO) that have 
an M——NO group. Depending on the nature of L, they may be catonIc, anIonIc, 
or neutral. The MNO group can survive many chemical transformations of such 
complexes. 

Ruthenium solutons that have at any time been treated with HNO; can, 
and usually do, contain nitrosyl species that are then difficult to remove. They 
are readily detected by their IR absorpton in the region 1930-1845 cm" 
(Secton 28-14). 


Teriiary Phosphine Complexes 


Both ruthenium and osmium have an extensive chemistry with these 7-acid li- 
gands. Some representative reactions are shown for Ru in Eig. 25-7. The 
RuHCI(PPh;s); and RuH,(PPh;); complexes are 0Ý interest in that they are 
highly active catalysts for the selective homogeneous hydrogenatlon ofalk-]-enes 
(Section 30-7). 


[Ru(NH,),CO]* 
co| 
RuGl;(aq) —2ˆ [Ru(NH;);(N,)]?* = [Ru(NH,);(H,O)]* 
NHén bơi Ước 
[Ru(NH,);]*' —T— [Ru(NH,),]°" _H.NO, IRu(NHạ),NO]? 
Cl; 


NH„OH 
[Ru(NH,);CI]** ————> [Ru(NH;);(H,O)]?? 


Figure 25-6  Some rcactions of ruthenium ammines. 
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CO 
RuH,(N) (PPh;); ca— RuCIH(PPh,); ~“=—> RuCIH(CO) (PPh;); 
Đà 


benzene 


N lỄ NEt 


H 
RuH,(PPh,), “nn: RuCl,(PPh,); 2?” Ru(acac);(PPh;); 
4 


benzene 
| PPha 


EtOH 


PPhEts 


mmer-RuC];(PPhEt;); Ti0n 


“RuGI,;zH,O” 


MeOCH;CH›;OHI| PPhEt; 
boil 


[Ru;Cl;(PPhEt,);]C 


Figure 25-7 Some reactions of tertiary phosphine complexes of ruthenium. 
Note that the use of different phosphines may lead to different products. 


BHODIUM AND IRIDIUM 
25-22 Complexes of Rhodium([II) and Iridium(11), d 


There are many diamagnetc, kinetically inert octahedral complexes similar to 
those of Co!", They differ from those of Co””, first, in that octahedral halogeno 
complexes are readily formed, for example, [RhGl;(H;O)]” and [IrCl¿]”. 
Second, on reduction of the trivalent complexes the divalent complex 1s not ob- 
tained, except under special circumstances for Rh. When the ligands are halo- 
gens, amines, or water, reduction gives the metal, or under controlled condi- 
tions, a #yđrzđ¿ complex like [RKh(NH;);H]SO,„; when acid ligands are present, 
reducdon to Rh” or IrỶ, or to iridium(HD) hydrido complexes occurs. 


Chlororhodotes: The Rh!" Aquo lon 


Fusion of Rh with NaOl in C1; followed by đissolution ín water and crystallization 
g1ves Na;[RhGI¿]. Addition of OH-" to this pink ion gives the wdrowus ox¿de RhạO;¿. 
Dissolution of this in dilute HCIO/¿ gives [Rh(H,O)g¿]?*, yellow salts of which can 
be crystallized. 

When Rh;O; is dissolved in HƠI and the solutions are evaporated, a dark red 
deliquescent material (RhCl;'zH;,O) ¡is obtained. This is the usual starting mate- 
rial for synthesis o£ Rh compounds. It is soluble in alcohols as well as water. Eresh 
solutions do not give AgOl with Ag” ion, but on boïling, the red-brown solutions 


do turn to the yellow of [Rh(H;O)¿]?*. Some of its reactions are shown in Eig. 
25-8. 


25-23 Complexes of Rhodium(IV) and Iridium(IV), d° 


It is very difficult to oxidize Rh”” and only a few unstable compounds of RhŸ are 


known. Octahedral complexes of Ir'Y are stable; they have one unpaired electron 
(15,). 


25-24 Complexes of Rhodium(lI), d7 ó03 


[RhGI,]3~ 
irans-RhCl(CO) (PPh,)„ [Rh(NH,),CI]CI, 
PPh; HGCI(aq) 
HCHƠ NHẠOH (aq) 
RhCI(PPh excess PhạP : conc. NHẠOH 
( 3)3 “¬wã. 7” RhGIl;'z;HO in EIOH [Rh(NH;);]C]; 
^ 
HGO;H C2H, N SÁ 
BH Thới 
[Rh(CO),C1.] [Rh(NH;,),H]S5O, 
[(C;H,)RhC]]; 


[Rh(H;O),]?" 
Figure 25-8  Some reactions of rhodium trichloride. 


Hexachiloroiridotes 


Hexachloroiridates are made by heating Ir + NaClin C1;. The black salt Na;IrCl; 
1s very soluble In water; the so-called “chloroiridic acid” (c£. chloroplatinic acid 
Section 25-29) is an oxonium salt (H;O);IrCl¿'4H;O. These materials are used 
to prepare other Ir complexes. 

The dark red-brown [IrŸGCl¿]”” ion is rapidly and quantitadively reduced in 
strong OH- solution to give yellow-green [Ir'"Clạ]”: 


2[IrCl,]® + 2 OH- —> 2[rCl¿]# + ‡ O; + HạO (25-23.1) 


The [IrCl¿]”” ion will oxidize many organic compounds, and ít is also quantita- 
tively reduced by KI and [C;O,„]”. 
In zœđ solutlon we have 
9[WrGI¿]? + HạO = 2[IrGI:]” + ‡$ O;+ 2 H" 
Ke 7 x 1Ú? atm"“ mol®1:ˆ (25 °C) 


(25-23.2) 


so that in 12 Ä HOI, oxidation of [Ir“Cl¿]”” occurs partially at 25 °C and com- 
pletely on boiling. 


25-24 Complexes of Rhodium(lI), d7 


Only a few of these complexes are known, the maJor ones being the diamagnetic 
binuclear carboxyz/zs that have the common tetrabridged structure. The end po- 
sitions may be occupied by solvent molecules; with oxygen donors the complexes 
are green or blue, but with 7 acids such as P(O¿H;);, they are orange red. The 
carboxylates are made by boiling RhCI;(aq) with NaO;CR in methanol. Action 
Of very strong noncomplexing acids gives the Rhệ” aqua ion that also has a 
Rh—Rh bond. 
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25-25 Complexes of Rhodium(I) ơnd Iridium(), ở? 


These square or fve-coordinate diamagnetic complexes all have m-acid ligands. 
They are formed by reduction of Rh”" or Ir” in the presence of the ligand. 
There have been many studies on these complexes because they provide the best 
systems for the study of the oxidative-addition reacdon (Section 30-2) that 1s a 
characteristic feature of square đ 8 complexes. For #rzns-IrX (CO)(PR;); the equi- 
libria, for example, 


trans-Ir'CI(CO)(PPh;)„ + HƠI —— IrCI,H(CO)(PPhạ); - (25-25.1) 


lie well to the Irf” side and the Ir”" complexes can be readily characterized. Eor 
Rh, the Rh”" complexes are much less stable. 

The two yellow compounds, #øws-chlorocarbomylbis(triphenylphosphuine) rhodtun 
or -2um, ?.e. trưns-MCI(CO)(PPh;)¿, are obtained by reducing the halides in al- 
cohols containing PPh; by HCHO, wbhich acts as a reductant and source o£ CO. 

Bis[ (dicarbonyÙ)chiororhodzurr], [Rh(CGO);C]];, 1s obtained by passing CO sat- 
urated with ethanol over RhCI;'3H;O at about 100 °C, when it sublimes as red 
needles. It has the structure shown ¡n Eig. 25-9, where the coordination around 
cach Rh atom is planar, and there are bridging chlorides with a marked dihedral 
angle, along the CI—CI line. There appears to be some direct Interaction be- 
tween electrons in rhodium orbitals perpendicular to the planes o£ coordina- 
tion. 

Thịis carbonyl chloride is a useful source of other rhodium(]) species, and it 
1s cleaved by donor ligands to give cisdicarbonyl complexes, for exampIe. 


[Rh(GO);C1]; + 2 L——> 2 RhƠ1(CO)zL (25-25.2) 
[Rh(CO);C1]; + 2 CIT ——> 2 [Rh(CO);CI,]" (25-25.3) 
[Rh(CO);CI]; + 2(acac)" ——> 2 Rh(CO);(acac) +2 Cl  (25-25.4) 
Thdnidocarbonyltris(triphenylbhosphine)rhod¿um 1s a yellow crystalline solid with 


a trigonal bipyramidal structure with equatorial phosphine groups. Ít is prepared 
by the reaction 


NaBH M 
trans— RhCI(CO)(PPh,), +PPh,—— CC RhH(CO)(PPh,), — (25-25.5) 


Figure 25-9 The structurc of crystalline 
[Rh(CO);CI];. The chloride bridges are readily 
cleaved by nucleophiles. 


25-27 Complexes of Polladium(I) and Plofinum(lI), d° ó05 


but ït 1s also formed by the action of CO + H; under pressure with virtually any 
rhodium compound in the presence of an excess of PPh;ạ. Its main importance 
1s as a hydroformylation catalyst for alkenes (Section 30-9). 

Chiorotris(triphenylbhosbhine) rhođiumn, RhCI(PPh¿)s, is a red-violet crystalline 
solid formed by reduction o£ ethanolic solutions of RhC1;'3H;O with an excess 
of P(CeH;)s. Ít is a catalyst for hydrogenation of alkenes and other unsaturated 
substances (Secton 30-7). It undergoes many oxidative addition reactions 
(Secton 30-2), and it abstracts CO readily from metal carbonyl complexes and 
from organic compounds such as acyl chlorides and aldehydes, often at room 
temperature, to give RhCl(CO)(PPh;);. 


PALLADIUM AND PLATINUM 
25-2ó Chlorides 


Palladous chloride, PdCI;, is obtained by chlorination of Pd. Above 550 °C an un- 
stable œ form is produced, while below 550 °C it is in a B form. There are also œ 
and B forms of PtCl;. The j forms have a molecular structure with MạC];; units 
(Structure 25-X); the stabilization ¡is due to halogen bridges rather than 
metal-metal bonds. Although the structure of œ-PtCl; is not certain, it differs 
from that o£ œ-PdC];, which has a flat chain (Structure 25-XT). In both structures, 
the metal has the square coordination characteristic of Pd” and Pt'. 


25-X 25-XI 


Plainum(IV) chioride, PtCụ, 1s obtained as red-brown crystals by heating 
chloroplauinic acid, (H;O)„PtCl¿, in chlorine. lt is soluble in water and in H(C1I. 
The anajogous chloride of Pd'Ÿ does not exist. 


25-27 Complexes of Polladium(II) and PIoatinum(I), đ° 


The palladium(II) ion, Pd””, occurs in PdEF; and is paramagnetic. However, the 
aqua ion, [Pd(HạO)„]””, is spin paired and all Pd and Pt complexes are diamag- 
netic. Brown deliquescent salts like [Pd(H;O)x] (C1O¿); can be obtained when 
Pd is dissolved in HNO; or PdO in HOIO,. 

Pallad¿um(H) acefate is obtained as brown crystals when Pd sponge is dis- 
solved in acetic acid containing HNO¿. It is a trimer, [Pd(CO,;CH;);];. The 
metal atoms form a triangle with bridging acetate groups. The acetate acts like 
PbŸ and Hg” acetates (Section 15-6) In attacking aromatic hydrocarbons; such 
“palladation” reactons are involved in many catalytlc processes (cf. Chapter 30). 

Palladium(I) and platinum() complexes are square or five-coordinate 
complexes with the formulas MLƒ*, MLỆ*, ML¿X", ä+ and írzns-ML¿X;, MX¿, 
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and ML¿X¿, where L is a neutral ligand and X a uninegative ion. The palladium 
complexes are thermodynamically and kinetically less stable than their PE" 
analogs. Otherwise the two series of complexes are similar. The kinedc Inertness 
of the Pt! (and also PUY) complexes has allowed them to play a very Important 
role in the development of coordination chemistry. Many studies of geometrical 
isomerism and reaction mechanisms using pladnum complexes have had a pro- 
found influence on our understanding of complex chemistry (c£. also Cr"", Co”, 
and RhĐ, 

There is a preference for amine ligands, halogens, CN, tertiary phosphines, 
and sulñdes (R;S), but little affinity for oxygen ligands and F”. The concepts of 
hard and soft acids and bases, or class A and B metals, are clearly shown here 
(Section 7-9). The strong binding of heavy donor atoms, such as P, 1s due in part 
to 7 bonding. 

Many complexes have halide or other bridges, for example, 


R 
lÙ X L PrạP S—C=N lỚi| X 5 IẾ 
b  Z...ˆ `.” ` bà sẽ ‹ 
M M Pt Pt M M 
⁄/4915 20s. ` bà 73w 
TẾ X lU lôi N=C—S PEm ]Ễ „ X 
25-XH 25-XII 25-XIV 


Bridged complexes can be cleaved by donors to give mononuclear species, for 
example, 
Bu;P Cl CI Bu;P CI 
`Va nh + 2ŒGH;NH 2 "Tế 
: —— 
S2 Ä cu _ 
CI Cl PBu; C1 NH;Q,H; 
(25-27.1) 

Salts of the halogeno anions, [MCI,]Ÿ, are common source materials. The yel- 


lowish [PdCI,]”” ion ¡is obtained when PdCI, is dissolved in HCI. The red 
[PtCl,]” ion is made by reduction of [PtCl,]? with oxalic acid or N;H,CŒI. 


25-28 Metal-Metol Interactions in Squdre Complexes 


In crystals the square complexes are often stacked one above the other. Even 
though the metal-to-metal distances may be too long for true bonding, weak In- 
teractions can occur between ở orbitals on adjacent metal atoms. An example Is 
Pt(en)Cl;, which is shown in EFig. 25-10(2); others are Ni and Pd dimethylglyoxi- 
mates. 

Salts such as [Pt(NH;)„][PtCIL,], [Pd(NH,)„][Pd(SCN)„], or [Cu(NH;)„][PtCL] 
also have stacked cations and anions so that there are chains of metal atoms. 
When öøh metal atoms are PL”, the crystal is green, although the constituent 
cations are colorless or pale yellow and the anions are red. There is also (a) 
marked dichroism with high absorption of light polarized in the direction of the 
metal chains and (b) increased electrical conductivity along the chaïn. Tf steric 


25-29 Complexes of Plotinum(IV), d ó07 


Br ;  NH; 
Ninế 
_ 
nh CỊ H,N : Br 
\ T 
`4 Br | NH;, 
vy éSm£ 
N ' Ft 
_ "An s 
H,N Br 
N ›': CI 
=" E*” Nụ, 
gQ Si nóc 
N : VỊ “ẤI 
| » HẠN : ¬ 
NÓ | a Br n „NH, 
f J.S PẺ 
M1 HạN lò 
Br 


() : 
Ptl... Br(chain) = ~3.1 Á 
Figure 25-10 ' (ø) Lincar stacks of planar 
Pt(en)CI1; molecules. () Chains of alternating 
Pứ' and PUŸY atoms, with bridging bromide ions, 
in Pt(NH;),Br,. 


hindrance is too large, as in [Pt(EtNH,)„]J[PtCL,], the structure is different and 
the crystal has a pink color, the sum of the colors of the constituents. 

A related class of compounds with chainlike structures differ in that the met- 
als are linked by halide bridges [Fig. 25-10(”)]. Again, there ¡is high electrical 
conductivity along the —X—M—X—MÌY—X— chaïn. 

Fiue-coord¿nate comjlexes are important in substitution and isomerization of 
square Pd" and PL” complexes, which proceed by an associative pathway. 
Some stable complexes have mulufunctional ligands such as tris[o-(diphenyk- 
arsino)phenylarsine] (QAS), which gives salts, for example, [Pd(QAS)T]”. 
Pladnum gives the salts (R„N);[Pt(SnG;); ]. 


25-29 Complexes of Plolinum(IV), dế 


There are few complexes of PdÏŸ. When Pd is dissolved in concentrated HNO,, 
a nitrato complex is formed. In contrast, pladnum(TV) forms many thermally sta- 
ble and kinetically inert octahedral complexes, ranging from catlonic such as 
[Pt(NH;)¿]C1¿ to anionic like K;[PtClạ]. 

The most important are the sodium or potassium Ö22xachloroblaiznafes, whịìch 
are starting materials for synthesis of other compounds. The zøœZ called “chloro- 
platinic acid” is an oxonium salt, (H;O);PtGlạ. It is formed as orange crystals 
when the solution of Ptin aqua regia or in HCI saturated with chlorine 1s evap- 
orated. 
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25-30 Complexes of Palladium(0) and Plaiinum(0), d"° 


All of these involve acid ligands, mainly tertiary phosphines. The complex 
M(PPh.)„ is obtained when K;PdC1¿ or K;PtCl¿ is reduced by N;H¿ in ethanol 
containing PPh;. These complexes readily undergo oxidative addition r€actlons 
(Section 30-2) in which two PPhạ molecules are lost, for example, 


Pt(PPh,)„ + CHạI = PtI(CH;) (PPh;); + 2 PPhạ (25-30.1) 


These elements also give complexes with Ô;, alkenes, and alkynes (Chapter 29). 


SILVER AND GOLD 
25-31 Generdol Remdrks 


In spite of the similarity in electronic structures, with an s electron outside a com- 
pleted đshell and high 1onization potentials, there are only limited resemblances 
between Ag, Au, and Cu. These are as follows: 


1. The metals crystallize with the same face-centered cubic (ccp) lattice. 

2. Both Cu;O and Ag:O have the same body-centered cubic (bcc) structure, 
where the metal atom has two close O neighbors and every O is tetrahe- 
drally surrounded by four metal atoms. 

3. Although the stability constant sequence for halogeno complexes of 
many metals is F > Cl > Br > I, Cu! and Ag! belong to the group of ions of 
the more noble metals for which it is the reverse. 

4. Both Cư' and Ag” (and to a lesser extent Au') form similar types of com- 
plexes, such as [MCI;]7, [EtyAsMI]¿, and K;MCl]¡. 


5. Certain complexes of Cu” and Ag” are isomorphous, and Ag!, Au! and 
Cu”" also give similar complexes. 


The only stable cation, apart from complex ions, is Ag". The Au” ion is ex- 
ceedingly unstable with respect to the disproportionation: 


3 Au*(aq) = Au”*(aq) +2 Au(s) —— K~1019 (25-31.1) 


Gold(HH) is Zuarzzbb complexed in all solutions, usually as anionic species such 
as LAuClOH]”. The other oxidation states, Ag”, Ag!, and Au', are either unsta- 
ble to water or exist only in insoluble compounds or complex species. Inter- 
comparisons of the standard potentials are of limited utility, particularly since 
these strongly depend on the nature of the anion; some useful ones are: 


20V 
Ag” Ag” 0.799 V 


Ag (25-31.9) 
_ -0.31V . 
Ag(CNÿg —”“” ›Ag+2GN (25-31.3) 
= l 
Tôn CS vua (25-31.4) 


e -0.6V 
Au(CN); ————>Au+2CN- (25-31.5) 


25-33 Silver(), d'9 Compounds éó09 


_-- The Elemenis 


The elements are widely dit ptited as metals, in sulfides and arsenides, and as 
AgCl. Silver is usually recovered from the work-up of other ores, for example, of 
lead, the plainum metals, and particularly copper. The elements are extracted 
by treatment with cyanide solutions in the presence of air, whereby the cyano 
complexes, [M(CN);]”, are formed, and are recovered from them by addition of 
zinc. They are purified by electrodeposition. 

S/uer 1s white, Ìustrous, soft, and malleable (mp 961 °C) with the highest 
known electrical and thermal conductivities. It is less reactive than copper, ex- 
cept toward sulfur and hydrogen sulfide, which rapidly blacken silver surfaces. 
Silver đissolves in oxidizing acids and in cyanide solutions In the presence 0o oxy- 
gen or peroxide. 

Gold 1s soft and yellow (mp 1063 °C) with the highest ductility and mal- 
leability of any element. It is unreactive and is not attacked by oxygen or sulfur 
but reacts readily with halogens or with solutons containing or generating chlo- 
rine, such as aqua regia. It dissolves in cyanide solutions in the presence Of alr or 
H;O; to form [Au(CN):]”. 

Both silver and gold form many useful alloys. 


SILVER AND GOLD COMPOUNDS 
25-33 Silver(I), d'°, Compounds 


The silver (I) ion (Ag”) is evidently solvated in aqueous solution but an aqua lon 
does øø/ occur in salts, practically all of which are anhydrous. The compounds 
AgNO;, AgCIO;, and AgClO/, are water soluble but AgzSOx and AgO,CCH; are 
sparingly so. The saÌts of oxo anions are ionic. Although the waterinsoluble 
halides AgCl and AgBr have the NaC] structure, there appears to be appreciable 
covalent character in the Ag *** X interactions. The addition o£ NaOH to Ag” so- 
lutions produces a đark brown øxiđ¿ that is difficult to free from alkali lons. It is 
basic, and its aqueous suspensions are alkaline: 


‡AgzO(s) +‡H,O=Ag'+OH—  logK=-742  (2533.1) 
ÿ Ag,O(Qs) +3 HạO = AgOH log K=-5.75  (95-33.9) 


They absorb CO; from the air to give Ag;CO;. The oxide decomposes above 
about 160 °C and is reduced to the metal by hydrogen. The treatment of water- 
soluble halides with a suspension o£ silver oxide is a useful way of preparing hy- 
droxides, since the silver halides are insoluble. 

The action of H;S on Ag” solutions gives the black sulfide Ag;S. The coating 
often found on silver articles is AgsaS; this can be readily reduced by contact with 
aluminum in dilute NazCO; solution. 

Siluer fluoride is unique in forming hydrates, such as AgEF'4H,O. The other 
halides are precipitated by the addition of X” to Ag” solutions; the color and in- 
solubility in water increase Cl < Br < I. Suer chiøn¿ can be obtained as rather 
tough sheets that are transparent over much of the IR region and have been 
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used for cell materials. Silver chloride and bromide are light sensitive and have 
been intensively studied because of their importance in photography. For mon- 
odentate ligands, the cøz#i¿x ?øns AgL”, AgLz, AgLz, and AgL¿ exist. The con- 
stants K¡ and K¿ are usually high, whereas K; and K¿ are relatively small. The 
main specIes are, hence, AgLz, which are linear. Because of this, chelating li- 
gands cannot form simple ions, and they give polynuclear complexes instead. 
The commonest complexes are those such as [Ag(NH;);]”, which are forrmed by 
dissolving silver chloride in NH;, [AgCN);]”, and [Ag(SzO;);] # Silver halides 
also dissolve in solutions with excess halide ion and excess Ag”, for example, 


Agl + øzI => [Agl„.¡]”~ (25-33.3) 
Agl + ø Ag? — Ag„il"t (25-33.4) 


25-34 Silver(II), d”, and Silver(1I), d°, Compounds 


Siuer(H) fiuoride 1s a brown solid formed on heating Ag ín E$¿; it is a useful fuo- 
rinating agent. A black oxide (Ag'Ag”"O,) is obtained by oxidation of AgzO in 
alkaline solution. 

Both Ag” and Ag”" occur in complexes with appropriate ligands; the usual 
procedure is to oxidize Ag” ïín the presence of the ligand. Thus oxidation by 
S;O§_ ín the presence of pyridine gives the red ion [Ag(py)„]?? while in alkaline 
periodate soluton the ion [Ag(IOg)s]”— is obtained. 


25-35 Gold Compounds 


The øx¿đ4¿ Au;O; decomposes to Âu and O; at about 150 °C. Chlorination of gold 
at 200 ”°C gives øøjj(TII) chioride, Au¿Cl¿, as red crystals; on heating at 160 °C this 
in turn gIves ø0l4(l) chioride, AuCl]. 


Complexes 


The đioanoawraf zơn, [Au(CN);]”, is readily formed by dissolving gold in 
cyanide solutions in the presence of air or HO. 

The interaction of Au,Cl¿ in ether with tertary phosphines gives gold(I) 
complexes (R;PAuOl); CŨ” can be replaced by IF or SCN-. On reduction with 
NaBH,, these complexes give goid. clusier cơmbownds with a stoichiometry 
Au,iX;(PR:);. The cluster is an incomplete icosahedron with a central Au atom. 

Gold alkylsulfides, [Au(SR)]„„ and similar compounds made from sulfurized 
terpenes are very soluble in organic solvents and are also probably cÏuster com- 
pounds. They are used as “liquid gold” for decorating ceramic and glass articles, 
which are then fired leaving a gold film. 

Gold(HI) dẺ is isoelectronic with Pt and thus jts Compounds are sgu. 
Dissolution of Âu in aqua regia or of Au;Cl¿ in HCI gives a solution that on evap- 
oraton deposits yellow crystals of LH;O][AuCl,]'3H,O. The tetrachloro- 
aurate(III ion quite readily hydrolyzes to [AuCl,OHT-. 

From dilute HƠI solutions Au”” can be extracted with a very bigh partition 
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coefficlent into ethy] acetate or diethyl ether. The yellow species in the organic 
layer is probably [HO ][AuCl;OH]. 


STUDY GUIDE 


Scope and Purpose 


The scope and purpose in this chapter are the same as those for Chapter 24. The 
student should note the diferences that arise between transition elements of the 
first and subsequent transitlon series. 


Study Questions 
A. Review 


1. State the chief differences between the second- and third-row transition elements on 
the one hand and those of the first series on the other with respect to (a) atomic and 
ionic radii, (b) oxidation states, (c) formation of metal to metal bonds, (d) stereo- 
chemistry, and (e) magnetic properties. 

2. Why are the chemical and physical properties of hafnium and zirconium compounds 
so similar? 

3. What elements characteristically form cluster compounds in theïr lower oxidation 
states? Give examples of the three major types, two of which have six metal atoms, 
and the other three. 

4. Draw the structures of the following: Mo;(O;C©EF;)¿, [Re,Clạ]?”, TaCl;, NbF;, 
Mo;Os(S„COG,NH;) „, and Rh;C1;(CO) ¿. 

5. Describe the chemical and physical properties of RuO¿ and OsO,, including prepa- 
rations and toxicology. 

6. List all the elements in the group called the “platinum metals” and show how and 
where they are arranged in the periodic table. Indicate the relative importance oŸ Ox- 
idation states I—VI for each. 

7. What is the true nature of the so-called “dihalides” of molybdenum and tungsten? 

8. Discuss the terrestrial abundance and commercial availability of technettum. 

9. What evidence is there for metaEto-metal interactions in compounds containing 
square complexes of Ni", Pd1, and Pt stacked so the metal atoms form chaïns per- 
pendicular to the parallel planes of the complexes? 

10. Show with sketches the structures of the œ and  forms of PdCI;. What role is direct 
metal-metal bonding thought to play in cach? 

11. What is the structure of Pd” acetate? 

19. How is Pt(Ph;P)„ prepared? What product is formed when it reacts with methyl io- 
dide? 

13. Contrast the chemistry of Cu with that of Ag and Au. First mention the important 
similarities, and then several important differences. 

14. Compare the chemistries of Ag' and Au'. 

15. Write balanced equations for the following processes: (a) leaching of metallic gold 
by CNF in the presence of oxygen. (b) The reaction of Agl with a soluton of thio- 
sulfate (photographer”s “hypo”). (c) The reaction of aqueous AgNO; with S,O§ in 


the presence of excess pyridine. 
: “S53„ 
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16. 


1?. 


Name the most important silver salts that are (a) soluble in water, and (b) 1nsoluble 
1n Water. 

Starting with a Ni-Cu sulñde ore containing significant amounts o£ the platnum 
metals, what are the main steps by which the latter, as a group, are 1solated? 


B. Additiondl Exercises 


IÌ, 


Gt 


What is the lanthanide contraction and what effect does it have on the chemistry of 
the heavier elements? 


. How would you most easily (a) dissolve tantalum metal, (b) precipitate zirconium 


from aqueous solution in the presence of aluminum, (c) prepare molybdenum(V) 
chloride from MoO;, (d) prepare rhenium(HI) chloride, (e) dissolve WO;, (f) pre- 
pare Rh(CO)H(PPh;);, (g) make K;[MoOGOl];] from MoO;? 


‹ _Á number of different ions can be precipitated from solutions of [ZrEs] ?—. These in- 


clude [ZrF¿]?, [ZrE;]Ÿ", [ZraF¡a]®, [ZrFs]“”, and [Zr;F;„]Ê , as discussed in Sections 
25-2 and 25-4. Make careful drawings of each of these ions (from the information 
provided in Section 25-2). 


-- How would you dissolve an alloy of Au and Ag and obtain the metals separately? 
.„_ Give two exarmples of “bridge cleaving reactions” of either Rh or Pt complexes. 
-_ How Is commercial RuCl;-3H;O made? What is its actual composition and structure? 


Suggest products when ït is (a) dissolved in conc. HƠI and evaporated carefully to 
dryness, (b) heated with aqueous hydrazine, (c) boiled in aqueous NH„CI/NH,OH 
with zinc powder, and (d) heated with triphenylphosphine in ethanol. 


How is commercial RhOl;:3H;O prepared and what is its composition and structure? 
What happens when it is (a) boiled with aqueous HCI, (b) warmed with excess tri- 
phenylphosphine in ethanol, (c) heated with anmonia in ethanol, or (đ) boiled with 
sodium acetate in ethanol? 


Suggest explanatons for the following: 
(a) The aqua nickel(ID ion is paramagnetic, but the aqua palladium(I) ion is đia- 
magnetic. 


(b) The contrast noted in (a) is not observed when NiF; and PdE; are compared; the 
latter are isostructural and both are paramagnetic. 


(c)  There is important metal-metal bonding in the [M¿Cl;;]”* systems when M = Nb 
or Ta, but not when M = Pd or Pt, 


Write balanced chemical equations representing 

(a) Preparation of ZrO; from aqueous ZrŸ solutions using hydroxide. 
(b) Hydrolysis of zirconium tetrachloride. 

(c) Reaction o£ molybdenum(H) chloride with chlorine. 
(d) Oxidation o£ Mo with CỊ:. 

(c) Three different preparations of MoQl,. 

() _ Reacton of Cr;(O;CCH;)„ with HCI. 

(g) Reaction o£ Mo;(O,CCH,)„ with HCI. 

(h) A preparation of [MoOCI,]?”. 

()  Treatment of MoO; with 19 M HCI. 

ŒJ)_ Recovery of Re as the sulfide. 

(k) Dissolution of Re;Cl:o in aqueous HCI. 

() A preparation of ReOCI;(OEt) (PPh;);. 

(m) Reducton of RuO¿ in aqueous HCI. 

(n) Reduction of [IrCla]?- by KI. 
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10. 


11. 
12. 
13. 
14. 
15. 


16. 


17. 


c. 
Iễ 


(o) Preparation of the hexaaquarhodium(III) ion beginning with Rh metal. 

(p) Cleavage of the [Rh(CO);CI]; dimer by pyridine. 

(q) Dissolution of PdCI; in HCI. 

One would expect an octahedral complex of RuŸ to be paramagnetic. Explain this 
with a crystal field diapram. Ocfaedrzi Ru'Ÿ ¡in the linear, oxo-bridged dimer 
[Ru,OClia]? is, however, diamagnetic. Show the orbital overlap that takes place in 
this system to allow spin pairing, as discussed in Section 25-17, 

Draw the structure of Mo;(O,CH;)¿. 

Draw the structure of Zr(acac)a. 

Draw the structure o£ Mo;Clia. 

Draw the structure of /rz»øs-RhGOl(CO) (PPh;);. 

Determine the oxidation state of the metal in each compound of Problems 11-14, 
above. 

Draw the structure of each reactant and product in Eq. 25-30.1. Explain why the re- 
action 1s called an “oxidative addition.” What gets oxidized? What gets reduced? 
Describe the m-bond system in @) [Ru(NH;);(N,)]Ê*, (b) [RuaOCI;s]“, and (c) 
RuGOlI(H) (CO) (PPh;):. 


Questions from the Literdture of Inorganic Chemistry 


Consider NbOl¿ as reported by D. R. Taylor, J. C. Calabrese, and E. M. Larsen, »øg. 

Chem., 1977, 1ó, 721-722. 

(a) Write a balanced chemical equation for the synthesis as reported here of NbChụ. 

(b) What structural features suggest metal-metal bonding? 

(c) _ What magnetic feature indicates a metal-metal interaction in this (formally) Tả 
system. 

(d) There is no metalL-metal bonding ¡in the đimeric [NbC];];. Account for this diF- 
ference. 

(e) Draw the structure of [NbCIl; ]s. 

Rh complexes are reported in the article by M. J. Bennett and P. B. Donaldson, Iwơg. 

Chem., 1977, 16, 655—660. 

(a)  What is the geometry about Rh in the complexes Rh(PPh;) ;CI as reported here? 
What is the oxidation state of Rh? 

(b) Show orbital overlap diagrams of the metal to ligand £ back-bond that is involved 
in the “r acidity” of the unique phosphine ligand. 

(c), Why is metal to ligand £ back-bonding strongest in the bond to the P(C¿H;); li- 
gand that is uniquely trans to CT ? 

Consider the paper by A. J. Edwards, J. Chem. Soc. Dalơn Trans., 1972, 582-584. 

(a) WOCI¿ has an oxygen-bridged infinite chaïin structure, with a melũng point o£ 
209 °C. What does the melting point of ReOCI¿ (30 °C) suggest about its struc- 
ture? 

(b) Draw the structure of the ReOCl¿ dimers reported here. How strong is the bridg- 
ing Re- - :Cl interaction? How do you know? 

(c) What does the author suggest is the geometry in that vapor state of (ï) MoCl;, 
(ii) WOGI¿, (ñ¡) WSCI¿, and (iv) ReOCl¿? Explain these geometries. 

Consider the work by K. G. Caulton and E. A. Cotton, j. Az. Chem. Soc, 1969, 927, 


6517-6518. 
(a) What evidence do the authors present for the presence of a Rh—Rh single 


bond? 
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(b) Show the orbital overlap that is responsible for the formation of this Rh—Rh 
bond. 
(c) Should the molecule be paramagnetic or điamagnetic? Explain your reasoning. 
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SCANDIUM, YTTRIUM, 
LANTHANUM, AND 
THE LANTHANIDES 


2ó-1 


Generdl Fed†ures 


The positon of these elements in the periodic table is discussed in Section 2-5. 
Note that actinium, although 1t is the first member of the actinide elements 
(Chapter 27), 1s a true member o£ the Group IHA(3) series, 5c, Y, La, and Ác. 
Except for some similarities In the chemistry o£ Sc and AI, little resemblance ex- 
ists between these elements and the Group IHIB(13) elements (AI to TÌ). 

The elements and some of their properties are given ¡in Table 26-l. Strictly 
speaking, the lanthanide elements are the 14 that follow the element La, and in 
which the 4ƒ electrons are successively added to the La configuration. However, 
the term lanthanide ¡s usually taken to include lanthanum ïitself, since this ele- 
ment is the prototype for the succeeding l4 elements. The progressive decrease 
in the radii of the atoms and ions of these elements, whích when summed is 
called the /znthanide contracfon, has been discussed (Section 8-12). 

The elements are all highly electropositive with the MÌ'/M potential varying 
from -9.25 V (Lu) to —2.52 V (La). The chemistry 1s predominantly ionic and of 
the MỸ” ions. 

Yffrium, which lies above La in Group IHA(3) has a similar +3 ion with a 
noble gas core; because of the effect of the lanthanide contraction, the YỶ” ra- 
dius is close to the values for TbỶ* and Dy”". Consequently, Y occurs in lanthanide 
minerals. The lighter element in Group IHA(3), seandjưm, is also considered 
here, although it has a smaller Ionic radius and shows chemical behavior Inter- 
mediate between that of AI and that of Y and the lanthanides. 


Voœriable Volency 


Certain lanthanides (Table 26-1) form +2 or +4 ions. The +2 ions are readily ox- 
idized and the +4 ions are readily reduced to the +3 ion. A simpliRied explana- 
tion for the occurrence of these valences is that empty, halffilled or filed ƒ shells 
are especially stable. A similar phenomenon has been noted concerning the lon- 
ization enthalpies of the elements of the first transition series (Section 2-7), and 
hal£filling of the 3đ shell accounts for the stability of manganese(II). For the 
lanthanides, the oxidation state IV for cerium gives Ce“' with the empty ƒ shell 
configuration of La?*. Similarly, the formation of YbŸ” gives this ion an /ˆ “G6n- 
fñguration. The hal£filed ƒ” confguration of GdỶ” is formed by reduction to give 


615 


ó]ó  Chapter26 /  Scondium, Yttrium, Lanthium, and The Lanthanides 
Table 26-]  Some Properties of Scandium, Yttrium, and the Lanthanides 
Electron M” Radius 

Z Name Symbol Configuration Valences (A) MỶ' Color 
S1 Scandium $%c [Ar]3đ'4# 3 0.68 Colorless 
39 Ytrium Y [Kr]4#'5s 3 0.88 Colorless 
57 Lanthanum tã [Xe]5#'6# 3 1.06 Colorless 
b8 Cerium Cc [Xe]4/5#6# 3,4 1.03 Colorless 
59 Praseodymium Pr [Xe]4/?6s 3,4 LIỮI Green 

60 Neodymium Nd [Xe]4ƒ*6s b) 0.99 Lilac 

61 Promethirum Pm [Xe]4ƒ°6 3) 0.98 Pink 

62 Samarium Sm [Xe]4ƒ/96# P2 6i 0.96 Yellow 

63 Europiun Eu [Xe]4ƒ”6# TC) 0:95 Pale pink 
64 Gadolinium Gd [Xe]4ƒ75a6# 3 0.94 Colorless 
65 Terbium Tb [Xe]4/°6# 3,4 0.92 Pale pink 
66 Dysprosium Dy [Xe]4ƒ'°6s 3 0.91 Yellow 

67 Holmium Ho [Xe]4ƒ1!6s° 3 0.89 Yellow 

68 Erbium Fr [Xe]4/1?°6° 3 0.88 Liac 

69 Thulium Tm [Xel4ƒ'6# 3 0.87 Green 

70 Ytterbium Yb [Xe]4/!°6s“° 5) Bộ 0.86 Colorless 
71 Lutetium Lu [Xe]4ƒ15 46 3 0.85 Colorless 


Euf" or by oxidation to give TbÝ'. That other factors are involved, however, is 
shown by the existence o£ many +2 ions stabilized in CaE; lattices and of PrÝ* and 
Nd“* fluoride complexes. 


Mognetic and Spectrdl Properties 


The lanthanide ions that have unpaired electrons are colored and are paramag- 
netic. There is a fundamental difference from the đblock elements in that the 
4ƒ electrons are inner electrons and are very effectively shielded from the influ- 
ence of external forces by the overlying 5s” and 5# shells. Hence, there are es- 
sentially only very weak effects of ligand fields. As a result, electronic transitions 
between ƒ orbitals 81Ve rise to extremely narrow absorption bands, quite unlike 
the broad bands resulting from đ-đ transitions, and the magnetic properties,of 
the lons are little affected by their chemical surroundings. 


Coordinotion Numbers and Stereochemisiry 


It is characteristic of the MỸ” ions that coord¿nation wươmbers €xceedling SiX re cơm- 
?ømơn. Vcry Íew six-coordinate species are known but coordination numbers of 
seven, eight, and nine are Important. In the ion [Ce(NO;)s]Ÿ, the Ce is sur- 
rounded by 12 oxygen atoms of chelate NO, 8TOUDS. 

The decrease in radii from La to Lu also has the effect that different crystal 
structures and coordination numbers may occur for different parts of the lan- 
thanide group. For example, the metal atoms in the trichlorides La to Gd are 
nine-coordinate, whereas the chlorides of Tb to Lu have an AlOI; type structure 
with the metal being octahedrally coordinated. Similar differences in coordina- 
tion numbers occur for ions in solution. 


26-2 
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Occurrence and Isolation 


Scanđ?wm 1s quite a common element being as abundant as As and twice as abun- 
dant as B. However, it is not readily available, partly owing to a lack of rích ores, 
and partly due to the difficulty of separation. It may be separated from Y and the 
lanthanides, which may be associated with Sc minerals, by cation exchange pro- 
cedures using oxalic acid as elutant. 

The lanthanide elements, including La and Y, were originally known as the 
rare earths—from their occurrence in oxide (or in old usage, earth) mixtures. 
They are øø rare elements and their absolute abundances are relatively hịgh. 
Thus even the scarcest, Tm, is as common as Bi and more common than As, Cd, 
Hg, or Se. The major source is zøwaz¿ie, a heavy dark sand of variable composi- 
tion. Monazite is essentially a lanthanide orthophosphate, but may contain up to 
30% thorium. The elements La, Ce, Pr, and Nd usually account for about 90% 
of the lanthanide content of minerals, with Y and the heavier elements account- 
ing for the rest. Minerals carrying lanthanides in the +3 oxidation state are usu- 
ally poor in Eu which, because of its tendency to give the +2 state, is often con- 
centrated in minerals of the Ca group. 

Promethium occurs onÌy 1n traces in U ores as a spontaneous fission fragment 
of ?3U. Milligram quantides of pink '““Pm”" salts can be isolated by ion ex- 
change methods from fission products in spent fuel o£ nuclear reactors where 
!4“Pm(B-, 2.64 year) is formed. 

The lanthanides are separated from most other elements by precipitation of 
oxalates or fluorides from HNO; solution, and from cach other by ion exchange 
on resins. Cerium and europium are normally first removed. Cerium is oxidized 
to Ce!Ÿ and is then precipitated from 6 M HNO; as Ce!Ÿ iodate or separated by 
solvent extraction. Europium is reduced to Eu”” and is removed by precipitation 
as EuSO,. 

The ion-exchange behavior depends primarily on the hydrated ionic radius. 
As with the alkalis, the smallest ion crystallographically (Lu) has the largest hy- 
drated radius, while La has the smallest hydrated radius. Hence, La 1s the most 
tightly bound and Lu is the least, and the elution order is Lu —> La (ig. 27-3). 
Th¡s trend is accentuated by use of complexing agents at an appropriate pH; the 
ion of smallest radius also forms the strongest complexes and, hence, the pref 
erence for the aqueous phase is enhanced. Typical complexing ligands are œ-hy- 
droxyisobutwric acid, (CH;);CH(OH)CO,H, EDTAH,, and other hydroxo or 
amino earboxylic acids. From the eluates the MỸ” ions are recovered by acidifi- 
cation with dilute HNO; and addition of oxalate ion, which precipitates the ox- 
alates essentially quantitatively. These are then ignited to the oxides. 

Ceørium(1V) (also Zr'Ÿ, ThY, and Pu'Ÿ) ¡s readily extracted from HNO; solu- 
tions by tributyl phosphate dissolved in kerosene or other inert solvents and can 
be separated from the +3 lanthanide ions. The +3 lanthanide nitrates can also be 
extracted unđer suitable conditions with various phosphate esters or acids. 
Extractability under given conditions increases with increasing atomic number; 
it is higher in strong acid or high NO; COncentrations. 


The Metols 


The lighter metals (La to G4) are obtained by reduction o£ the trichlorides with 
Ca at 1000 °C or more. For Tb, Dy, Ho, Er, Tm, and also Y the triuorides are 
used because the chlorides are too volatile. Promethium is made by reduction o£ 
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Figure 2ó-Ï ` The atomic volumes (curve a) and heats of vaporization (curve b) of 
the lanthanide metals. 


PmE; with lithium. The Eu, Sm, and Yb trichlorides are reduced only to the di- 
halides by Ca. Reduction of the +3 oxides with La at high temperatures gives the 
metals. 

The metals are silvery white and highly electropositive. They react with 
water, slowly in the cold, rapidly on heating, to liberate hydrogen. These metals 
tarnish in air and burn easily to give the oxides M;,O;: cerium is the exception 
giving CeO,. Lighter “flints” are mixed metals containing mostly cerium. Yttrium 
1s r€sistant to air even up to 1000 °C owing to formation of a protective oxide 
coating. The metals react with H;, C, N., 61, PS, halogens, and other nonmetals 
at elevated temperatures. 

Many physical properties of the rnetals change smoothly along the series, ex- 
cept for Eu and Yb, and occasionally Sm and Tm (c£. Fig. 26-1). The deviations 
occur with those lanthanides that have the greatest tendency to exist in the +2 
state; presumably these elements tend to donate only two electrons to the con- 
duction bands of the metal, thus leaving larger cores and affording lower bind- 
Ing forces. Note, too, that Eu and Yb dissolve in ammonia (Section 10-3). 


LANTHANIDE COMPOUNDS 
26-3 The Trivolent Stale 


Oxides and Hydroxides 


The oxide ScaO; is less basic than the other oxides and closely resembles Al;O,: 
It 1s simllarly amphoteric, dissolving in NaOH 


tO give a “scandate” ion 
[Sc(OH)¿]*. 
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The oxides of the remaining elements resemble CaO and absorb CO; and 
HO from the aïr to form carbonates and hydroxides, respectively. The jyđrox- 
;zđ¿s, M(OH)zs, are true compounds whose basicities decrease with increasing Z2, 
as would be expected from the decrease in ionic radius. They are precipitated 


from aqueous solutions by bases as gelatinous masses. These oxides are not am- 
photeric. 


Holides 


Scandium is again exceptional. Its fuoride resembles AIF;, being soluble in ex- 
cess HF to give the [ScFs]”” ion; NasScFs is like cryolite (Fig. 13-2). However, 
ScC]; is not a Eriedel-Crafts catalyst like AICI; and does not behave as a Lewis 
acid; Ifs structure is like that of FeCl; (Section 24-27). 

Lanthanide [fuorides are of importance because of their insolubility. Addition 
o£ HE or F` precipitates ME; from solutions even 3 Äfin HNO; and is a charac- 
teristic test for lanthanide ions. The fluorides of the heavier lanthanides are 
slightly soluble in an excess of HF owing to complex formation. Fluorides may 
be redissolved in 3 M HNO; saturated with H;BO;, which removes F7 as BE. 

The cjforid2s are soluble in water, from which they crystallize as hydrates. The 
anhydrous chlorides are best made by the reaction: 


M,O, +6 NH,GI—”” “9 MCI, +3 H,O+6NH, ... (96-3.1) 


Aqud lons, Oxo Sol†s, and Complexes 


Scandium forms a hexaaqua ion [Sc(H;O)g¿]”* that is readily hydrolyzed. 
Scandium ÿ-diketonates are also octahedral like those of AI and unlike those of 
the lanthanides. 

For the lanthanides and yttrium, the aqua ions [M(H;O)„] # have coordina- 
tiön numbers exceeding six, as in [Nd(H;O)s]?”. They are hydrolyzed in water. 


[M(H,O)„]#' + HạO —> [M(OH)(H;O)„;]?'+HạO* (26-39) 


The tendency to hydrolyze Increases from La to Lu, which 1s consistent with the 
đecrease in the ionic radii. Yttrium also gives predominantly Y(OH)”". For Ce”*, 
however, only about 1% of the metal ion is hydrolyzed without forming a pre- 
cipitate, and the main equilibrium appears to be 


3 CeŸ* + 5 HạO —— [Cez(OH);]“* + 5 H* (26-3.3) 


In aqueous solutions, rather weak /iuønđde complexes, MF”*, are formed. 
Complex anions are øøí formed, a feature that distinguishes the +3 lanthanides 
as a group from the +3 actinide elements that đø form anionic complexes in 
strong HƠI solutons. 

The most stable and common coinplexes are those with chđlzfzng oxygen Ì- 
gands. The formation of water-soluble complexes by citric and other hydroxo 
acids is utilized in ion-exchange separations, as we noted previously. The com- 
plexes usually have coordination numbers greater than 6. 

Beta-diketone (ƒÄ-dik) ligands, such as acetylacetone, are especially impor- 
tant, since some of the fluorinated -diketones give complexes that are volatile 


ó20 


26-4 


Chopler2ó /  Scandium, Yttrium, Lanthium, œnd The Lanthonides 


and suitable for gas chromatographic separation. The preparation o£ -diketo- 
nates by conventional methods invariably gives hydrated or solvated specles, such 
as M(acac);'C.H,OH-3H,O, that have coordinaton numbers greater than 6. 
Prolonged drying over MgClIO¿ gives the very hygroscopic M(ÿ-dik):. 

An interesting use of Eu and Pr j-diketonate complexes, whích are soluble 
in organic solvents, sụch as those derived írom 1,1,1,3,2,3,3-heptafluoro-7,7-di- 
methyl-4,6-octanedione, is as shift reagents in NMR spectrometry. The paramag- 
netic complex deshields the protons of complicated molecules, and vastly im- 
proved separation of the resonance lines may be obtained. 

Other uses for lanthanide compounds depend on their spectrosCopIC prop- 
erties. The elements Y and Eu in oxide or silicate lattices have fluorescent or lu- 
minescent behavior and the phosphors are used in color television tubes. In 
CaF, lattices the +2 ions show laser activity as do salts of [Eu(B-dik)„]”. 


The Tetravdlent S†ote 
Cerium(IV) 


Thịs ¡is the only +4 lanthanide that exists In aqueous solution as welÏ as in solids. 
The dioxide (CeO;) 1s obtained by heating Ce(OH); or oxo salts In aïir. Ít is un- 
reactive and 1s dissolved by acids only in the presence of reducing agents (H;O;, 
Sn”, etc.) to give Ce”" solutions. Hydrous cerium(IV) oxide, CeO„*zH;O, is a yel- 
low, gelatinous precipitate obtained on treating CeÌŸ solutions with OH”; it re- 
dissolves In acids... 

The @rium(IV) iøn in solution is obtained by oxidation of CeŸ* in HNO; or 
H;SO/ with S,Oä- or bismuthate. Its chemistry is similar to that of Zr“* and +4 
actinides. Thus Ce“" gives phosphates insoluble in 4 AM HNO; and iodates insol- 
uble in 6 M HNO¿, as well as an insoluble oxalate. The phosphate and iodate 
precipitations can be used to separate Ce“" from the trivalent lanthanides. 

The yellow-orange hydrated ion [Ce(H;O)„]“” is a fairly strong acid, hy- 
drolyzes readily, and probably exists only in strong HCIO, solution. In other 
acids complex formation accounts for the acid dependence of the potential. 


CeV+e-=Ce  g*s=+1.98V(2.MHCD 
+ 1.44 V (1 H,SO,) 
+ 161 V (1 MHNO,) sảnh) 
+ 1.70 V (1 MHCIO,) 


Comparison of the potential in H;SO,, where at high SOZ” concentrations the 
major species is [Ce(SO/,)s]?~, with that for the oxidation of water 


Gỗ li T1c 2H () E°=+l1.229V (26-4.2) 


shows that the acid Ce'Ÿ solutions commonly used in analysis are metastable. 

Cerium(IV) is used as an oxidant in analysis and in organic chemistry, where 
1t 1S Cornmonly used in acetic acid. The solutions oxidize aldehydes and ketones 
at the œcarbon atom. Benzaldehyde yields benzoin. 
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Table 26-2 Propertics of the Lanthanide +9 Ions 
xesm==s=--»2@fNNHgyjN.... “7, sư. san na. .ac. 


Crystal 
lon Color E°(V)" Radius, (Ả)” 
===_-....éẽẽ.......ẻẽ. 6... 
Sm”? Blood red —1.55 111i 
EiDiE” Colorless -0.43 1.10 
[o1 2ã Yellow —1.15 0.93 


—_—...GỘGẶỒỘ. ẽ. CC Cẽ 76666... ...... 
“For M''+e =M?', 
”“Pauling radii: Ca?*, 0.99; Sr, 1.13; Ba?*, 1.35, 


Comjbex œmwons are formed quite readily. The analytical standard “ceric am- 
monium nitrate,” which can be crystallized from HNO;, contains the hexanitra- 
tocerate anion, [Ce(NO.,)s¿]Ê-. 


Praseodymium(V) œnd Terbium(1IV) 


These exist only in oxides and fluorides. The oxide systems are very complex and 
nonstoichiometric. The potential Pr'Ÿ/Pr”” is estimated to be +2.9 V so that it is 
not surprising that PrÏŸ does not exist in aqueous solution. 
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The +2 state 1s known in both solutions and solid compounds of Sm, Eu, and Yb 
(Table 26-2). Less well established are the ions TmÊ* and Nd”", but the +9 ions 
of all the lanthanides can be prepared and stabilized in CaF; or BaF; lattices by 
reduction of, for example, ME; in CaF; with Ca. 

The øewroøizm(1T) ion can be made by reducing aqueous Eu”" solutions with 
Zn or Mg. The other ions require the use o£ Na amalgam. All three can be pre- 
pared by electrolytic reduction in aqueous solution or in halide melts. 

The ions Smˆ* and YbỂ” are quite rapidly oxidized by water. The Eu””" ion is 
oxidized by aIr. 

The Eu”? ion resembles BaŸ?. Thus the sulfate and carbonate are insoluble, 
whereas the hydroxide is soluble. The stability of the EuZ* complex with EDTA”- 
is intermediate between those of Ca?" and SrŸ". 

Crystalline compounds of Sm, Eu, and Yb are usually isostructural with the 
Sr?* or Ba”" analogs. 


STUDY GUIDE 


Siudy Questions 
A. Review 


1. Name the lanthanide elements and give their electron configurations. 

2. Explain the position of the lanthanides in the periodic table and their relation to the 
AI, Ga, In, and TÌ group. 

3. What is the “lanthanide contraction”? What effect does it have on the chemistry of 
later clements? 
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Compare the main features of the chemistry of ions of highly electropositive ele- 
ments with charges +1, +2, and +3. 

Why are scandium and yttrium usually considered along with the lanthanide ele- 
ments? 

Which lanthanide elements show departure from the usual +3 oxidation state? Give 
the electron configurations of these lons. 

What is characteristic about the coordination numbers of lanthanide ions? Give ex- 
amples. 

How are the lanthanide ions separated from each other? 

What are the characteristic precipitation reacdons of lanthanide +2, +3, and +4 ions? 


._ How are anhydrous lanthanide chlorides made? 
._ What are the interesting features of lanthanide ÿ-diketonates? 


B. Addiiiondl Exercises 


1. 


Work out the number of unpaired electrons in the ions (2) Ét”'w(b)Bm”", (c) Sm”", 
(d) Gd”°..(e) Tbˆ ,0) Tím” mg (p)lu.. 

Why do the electronic absorption spectra of lanthanide ions have sharp bands unlike 
the broad bands in the spectra of the 3đ elements? 

Write balanced chemical equations representing 

(a) Preparation of anhydrous Pr©l]. 

(b) Reduction o£ CeO; ín aqueous HCI solution by NH.. 

(c) Dissolution of CeO,*zH;O in aqueous HƠI. 

(đ) Oxidation of Ce”! in aqueous HNO; by S,Oš.. 

(e) Reducdon of aqueous Eu”"' with Zn. 


-_ Discuss the pH and anion dependence of the Ce”'—Ce!Ÿ couple. 


Why is PrỶŸ not stable in aqueous solution? Write a balanced equation for its reaction 
with water. What is £ ° for this reaction? 


Explain the increase in hydrolysis that takes place from La to Lu, as the size of the 
lons MỸ" decreases through the lanthanide contraction. 


C. Questions from the Literoture of Inorganic Chemistry 


1. 


Consider the Nd complex reported by R. A. Anderson, D. H. Templeton, and A. 
Zalkin, Tnơng. Chem., 1978, 17, 1962—1965. 


(a) Write balanced chemical equations for the synthesis (two steps) of the title com- 
pound. 


(b) Calculate the percentage yield. 

(c) Prepare điagrams of each class of oxygen as found in this structure: (¡) terminal, 
(1ñ) edge bridging, and (ii) trigonal face bridging. 

(d) What geometry ¡s defined by the Ndạ group? 

(e) Based on the reported magnetic susceptibility data, what is the number of un- 
paired electrons per Nd atom? What ¡s the formal charge on each Nd? What is 
the ground-state electron configuration for each Nd? 

wo types of lanthanide compounds are described by D. C. Bradley, J. S. Ghotra, E. 


A. Hart, M. B. Hursthouse, and P. R. Raithby, J. Chơm. Soc. Dalon Trans., 1977, 
1166-1172. 


(a) Write balanced chemical equations for the preparations, as reported here, of the 


adducts [M{N(SIMe;);};(PPhzO) ], where M = La, Eu, or Lu. What is the oxida- 
tion state of the metal in these complexes? 
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(b) These complexes contain the monoanionic bis(trimethylsilyl)amido ligands, 
[N(SIMe,);]”, and the neutral triphenylphosphine oxide ligand (Ph;PO). Draw 
a Lewis diagram for each of these ligands, and classify each nonhydrogen atom 
in these ligands according to the AB,E, system. What hybridization is appropri- 
ate for cach nonterminal atom in these ligands? 

(c) What is the coordination geometry about La in the complex from (a)? 

(đ) Write balanced chemical cquations for the syntheses, as reported here, of the 
H-peroxo dimers [M;{N(SiMe;);};(O,) (Ph„PO),„], where M = La, Pr, Sm, or Eu. 

(e) What is unusual about the p€roxo bridge that is reported here? (Compare the 


O—O distance with those found in Table 18-2.) Should this be considered to be 
an O§” ligand? 


SUPPLEMENTARY READING 


Asprey, L. B. and Cunningham, B. B., “Unusual Oxidation States of Some Actinide 
and Lanthanide Elements,” Progress tu Inorganic Chemisiry, Vol. 2, Wiley-Interscience, New 
York, 1960. 

Bagnall, K. W., Ed., Lanthan¿d¿s and Actzmidss, Butterworths, London, 1972. 

Brown, D., H2døs oƒ the Lanthanides and Actinides, Wlley-Interscilence, New York, 
1968. 

Bunzli, J. G. and Wessner, D., “Rare Earth Complexes with Neutral Macrocyclic 
Ligands,” Coørd. Chem. Reu., 1984, 60, 191. 

Callow, R. J., 75£ Industral Chemistry oƒ Lanthanons, YHtrium, Thortum, and DỦranium, 
Pergamon Press, New York, 1967. 

Cotton, S. A. and Hart, F. A., The Heauy Transition Elemenis, Macmillan, New York, 
1975. 

Horowlitz, ©. T., Sczndzưm, Academic, New York, 1975. 

Koppikar, D. K., Sivapullaiah, P. V., Ramakrishnan, L., and Soundararajan, S., 
“Complexes of the Lanthanides with Neutral Oxygen Donor Ligands,” Su. Bonding, 
1978, 3⁄4 135. 

Melson, G. A. and Stotz, R. W., “The Coordination Chemistry of Scandium,” Coørd. 
Chem. Rzu., 1971, 7, 133. 

Morss, L. R., “Phermochemical Properties of Yurium, Lanthanum, and the 
Lanthanide Flements and Ilons,” Chem. Rzu., 1974, 74, 827. 

Sinha, S. P., Eurơbzum, Springer-Verlag, Berlin, 1968. 

Topp, N. E., The Chemistry öƒ the lare Earth Flemenis, Elsevier, Amsterdam, 1965. 


œ _ e 


Ôn “... KCY Quán Hy sộ sẽ... Nha seahac troerd| 
; °.ẩ,ugyka, —: zA EU ƒ9ÔlạlP lymMMES Í=iMj, 
F76 v[ Jã(jU-+: dì. + W . `... ....Ố 


L3 NA -J( “nA⁄sitv.. íc n9” ĐÀN ae bí DU ... sh 
"` ....... 

'Í 8 <n:‹ 40 Ñf4Uugdua th v( 92 xÓ «1 
2ˆ... . xa h6... c... hen... ..... 


cÚIA Ý S24 h ¬ v ti c ˆ..ủ“ t4 1H|1v( , s2 HÁ r1 j xu .4 
tụ l4 l21M(114+ bề ng "ÔÔÔÔÔ co 1Ø4gr:1\. MẬA HA" %àg Í 
= ' trờy14 (lập F ụ rủ ¿ ly yŠ ¡` 8ø. § `_ ụỤ l vàn } Fe N là d F Y : 
Ä - Thy. 
mg. .Í ơi '! 4 tem ° li ..ự 
* L kh k 
): WN¿ aịố cục. 3 ">>. d tì là |Ý h - 


ñ ' OMWIGARS ^-«- 
: .—m—uan Puưe® ` se vê VN Hà Su.$ - - _—_ —_— _Ý ~— 


wW. Số .ẽố. tuyến, là c4 24. I2 tự uš 
c—T "`. Xa | ¡W3 bài IÁU { .@ lự,Í vui kh X Ñ - Ÿ "+>l1oL4 Na 


: tl 4: sục ca th*t `\L (j ñWẽẺ v2. =) ˆ Ể IIa 1 
tt hung 2 (Hy 21 + lâm le ch 1 ' A.... sŸ JJlxú, 
dàn? S2 Ƒ su SaSMx MÐN VU ° CÁ; cảng heii xWA  (Í 2NWRIf- << ~ 
là `” N« 
ViaaL40Á4600quÄk + 7- ¡ đ6/TtuÀ:! »à//000/4 “. Vi RM 9c vì {, bên) 
Hu co xMộI À ụ£\ BMẾG _G 
Z*ÀfA " /"\wwếo J, 1IWdf xế m "ằu-s}g SHÀ vẠI, .J ÄÃ ›dlf$ " 
l : ¬. x : N ". mm .... ——. 
(ISÊN N2 aJ(/ 0 BR2| +45 ' KeUAMA Ä-g2nE% yõì.../Š 3u£1¿ Tư, sa ÉI»eawJ^,} 
"%Ẳ..`..‹À ¬¬.........ẽ ẽ.ẽ. N ..ị-g 9 Cha: 
k % ° TỦ 'ý SG! /đjÿ, dc -M4gy@ 9À an bn2o2 vŸ 
N- g6 9”. +. ,WŒayT‹sụ, cố M900” xa" 3,1 ¿iai 71m 
dư... ” Với : BỤM:¿ (5á — Jui@'@ wSi re 3ì vệ 
¬.-.- 
ì TA ĐT 7 krsraeiedg â„ s9 \I344kdA+ W „ạt gi. & dt áu ng : Lự all l 
: . _¬~-. `... 
tạp (he MƯỚAP To, si pc Đo (349 22a ~ _ " ,1 # 
=¿ "`... xa : /1euiUfS 


` 


= KV VIẠP ¡lu l>. MÔ 2g gu Mộ ì - 


¬........... .ẻẽ 6 “ẽ ^ˆ 


+2 ¬ 
Ẫ : 
“ S0 vi là” `. Ả". S TẲ 
R " 
t Ề % 
LẠ: ° Cất-là su La, 
P7 
„ rc VI Ca th Vư 
Ti 


(haÐtør 27 


THE ACTINIDE ELEMENTS 


27-1 


Generdal Fed†ures 


The actinide elements and the electronic structures of the atoms are given in 
Table 27-1. Their position in the periodic table and their relation to the lan- 
thanide elements are discussed in Chapter 8. It will be evident in the following 
pages that the term zcf⁄42s is not as apt for these elements as is the term lan- 
thanides for elements 59-72. The elements immediately following Ac, which ¡is 
similar to La and has only the +3 state, do not resemble ¡it very closely at all. 
Thorium, protactinium and, to a lesser extent, uranium are homologous with 
their vertical groups in the periodic table, that is, Hf, Ta, and W. However, be- 
ginning with Am, there is pronounced lanthanide-like behavior. This, coupled 
with the existence of the +3 state for all the elements, Justifies the term actinide. 

The atomic spectra of these heavy elements are very complex, and it is diff- 
cult to identify levels In terms of quantum numbers and configurations. The en- 
ergies of the 5ƒ, 6đ, 7s, and 7ø levels are comparable, and the energies involved 
in an electron moving from one level to another may lie within the range of 
chemical binding energlies. Thus tỉie electronic structure ofan ion In a given Ox- 
idation state may be different in different compounds, and in soluton it may be 
dependent on the nature of the ligands. It is thus often Iimpossible to say which 
orbitals are being used in bonding or to decide whether the bonding 1s covalent 
Or IOnIC. 

One difference from the 4ƒ group is that the 5ƒ orbitals have a greater spa- 
tial extension relative to the 7s and 7ø orbitals than the 4ƒ orbitals have rela- 
tive to the 6s and 6ø. Thus 5ƒ orbitals can, and do, participate in bonding 
to a far greater extent than the 4ƒ orbitals A reflecton of this potential 
for covalent bonding ¡is shown by the formatlon o£ organometalhic compounds 
similar to those formed by the đ-block elements. Examples are di-TIÏ-cyclooc- 
tatetraenyl uranium, (rn\Ï-C„H;);U, and tri-Ti-cyclopentadienyl uranium benzyl, 
(n”-C;H;)UCH;Ó¿H;. 


lonic Rodii 


The ionic radii of actinide and lanthanide ions are compared in Fig. 27-1. Notice 
that there is an “actinide contraction” similar to the lanthanide contraction. 


Mogneric and Spectroscopic Properfies 


The magnetic properties of the actinide ions are coinplicated and difficult to In- 
terpret. The electronic absorption spectra that result from ƒ' ~ƒ transitions con- 
sist, like those of the lanthanides, of quite narrow bands. 
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Table 27-1 The Actinide Elements and Some o£ Their Properties 


m1... ..........ẽ—-. 


Electronic StructureZ Radn (Ả) 

Z; Name Symbol of Atom MỲ' Mt 
89 Actinium Ác 6473? 1.11 
90 Thorium 3gï0 64?7s? 0.90 
91 Protactinium Pa Bƒ?6đ752 or 5ƒ!6đ*7s° 0.96 
92 Uranium U 5ƒ°6d7s° 1.03 0.93 
93 Neptunium NÑp lộj/” TT 1.01 0.99 
94 Plutonium Pu lãj/° đt” 1.00 0.90 
95 Americium Am ĐT 0.99 0.89 
96 Curium Cm 5ƒ ”6d7:? 0.985 0.88 
97 Berkelium Bk 5ƒ®6đ7s2 or 5ƒ7s? 0.98 
98 Californium Cf 5) 0.977 
99 Einsteinium Es 5ƒ tực 

100 Fermium Em PP" TP 

101 Mendelevium Md 5n 

102 Nobelium No B7 

103 Lawrencium Lr 5ƒ'^6đ37s? 

104 Rutherfordium Rf 


“Outside Rn structure. 


Oxidolion S†ates 


There is a far greater range of oxidation states compared with the lanthanides, 
which ïs in part attributable to the fact that the 5ƒ, 6đ, and 7s levels are of com- 


parable energies. The known states are given in Table 27-2. 


1.05 ñ 


tế? 
[S) 
(S) 


lonic radius (Ä) 


La Œe Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb L¡ 
Ac Th Pa U Np Pu Am Cm 


Figure 27-Ï Radii of actuinide and lanthanide ions. 
[Reproduced by permission from D. Brown, #1ai¿d¿s øƒ 
Lamthamides and Aclimidas, Wiley-Interscience Publishers, New 
York, 1968] 
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Table 27-2 Oxidation States of Actinides with Corresponding Members of Lanthanides 


Ác Th Pa U Np Pu Am -Cm Bk Cíf Es Fm Md No Lr 


2 c3 z v2 2 z 
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
4 4 4 4 4 4 4 4 
5 5 5 D 5 5? 
6 6 6 6 
7 øi 
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All of the elements are radioactive. The terrestrial occurrence of U and Th is due 
to the halflives of ”””U, ?”°U, and ®3*Th, which are sufficiently long to have en- 
abled them to persist since genesis. These isotopes are the ones formed in the 
radioactive series and found in U and Th minerals. The halflives of even the 
most stable of the elements following U are so short that any amounts formed at 
genesis would have disappeared quite quickly. 

The first new elements, neptunium and plutonium, named like uranium 
after the planets, were made in 1940 by E. M. McMIIIan and P. Abelson and by 
G. T. Seaborg, E. M. McMIIIan, J.W. Kennedy, and A. Wahl, respectively, by bom- 
bardments of uranium using particles from the cyclotron in Berkeley. Both are 
now obtained from spent uranium fuel elements of nuclear reactors where they 
are formed by capture of neutrons produced in the fission of *”U fuel: 


38U _"Y „ 3U _ P_ ,#9ND __—P_— » #9Pu(24/360year) (27-9.1) 


23.5? 2.35 d 
235] __ 2 zy 
37U —_Ê——„ ##Nb(2.2 X 10% year) (27-2.2) 
mm... 6.75 d 
lôi 


Only Pu is normally recovered since ” *Pu has ñission properties similar to “”U 
and can be used as a fuel or in nuclear weapons. Some “”“Np is used to prepare 
238D (86.4 year), which is used as a power source for satellites. 

Isotopes of elements following Pu are made by successive neutron capture 
in ?®?°Pu in nuclear reactors. Examples are 


29D, —_"* ,„ %#9pÐụ _Y ,#ÓÐụ _ Ê_ „?*“Am(433year) (27-9.3) 


13.2 year 
282Dụ Kế l2 cài PHI (Ì =-- ⁄#Am —” › *“Am 
5h 
26 ma|z 


*““Cm(7.6 year) (27-2.4) 
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The elements 100—104 are made by bombardment of Pu, Am, or Cm with accel- 
erated Ions ofB, Œ, orN. 

The isotopes ®”Np and ??°Pu can be obtained in multkilograms; Am and 
Cm in greater than 100-g amounGs; Bk, Cf, and Es in milligrams; and Em In TÚ” 
ø quantities. The isotopes of elements above Em are short-lived and only tracer 
quantities are yet accessible. The metals are all chemically very reactive. Theän- 
tense radiation from the elements with short halflives can cause rapid decom- 
positon of compounds. Both Ác and Cm glow in the dark. 


Generadal Chemistry of the Actinides 


The chemistry of the actinides is very complicated, especially in solutons. It has 
been studied in great detail because of its relevance to nuclear energy, and the 
chemistry of plutonium is better known than that of many natural elements. 

The principal features of the actinides, all of whịch are electropositive met- 
als, are the following: 


1. Acfmium has only the +3 state and 1s entirely lanthanide-like. 


2. Thorium and Đrofactnim show limited resemblance to the other ele- 
ments. They can perhaps best be regarded as the heaviest members of the 
Tì, 2Zr, Hfand V, Nb, and Ta groups, respectively. 

3. Dranium, nebfuntum, pÌulonzumn, and œmericrn are alÏ quite similar, differ- 
¡ng mainly in the relative stabilities of their oxidation states, which range 
from +3 to +6. 

4. Cwrium 1s lanthanide-like and corresponds to gadolinium in that at Cm 
the 5ƒ shelf ¡s half full. It differs from Gd in having +4 compounds. By 
comparison with the lanthanides the previous element øriuw should 
show the +2 state, like Eu, and the succeeding element, berkelium the +4 
state, like Tb. This is the case. 

5. The elements Cm and Lr are lanthanide-like. Lzwenczum, like Lu, has a 
fñilled ƒshell so that element 104 should and, as far as is yet known, does 
have hafnium-like behavior. The elements from 104 onward should be 
analogs of HE, Ta, W, and so on. For example, element 112, for which an 
unsubstantiated claim was made, should resemble Hg. It is uncertain how 
many more elements can be synthesized. The observation of element 109 
was recently claimed (c£. Chapter 8) but only those up to 106 have been 
confirmed. 

6. AÁ characteristic feature of the compounds and complexes of actinides, 
like the lanthanides, is the occurrence of bjøh coordinatiơn mrumbers up to 
12 as in [Th(NO;)¿]?”. Coordination gceomectrles in solids are especially 
complicated. 

7. The various cations of U, NÑp, Pu, and Am have a very complex solution 
chemistry. The free energies of various oxidation states differ little, and 
for Pu the +3, +4, +5, and +6 states can actually coexist. The chemistry is 
complicated by hydrolysis, polymerization, complexing, and dđispropor- 
tionation reactions. Also, for the most radioactive specles, chemical reac- 
tions are induced by the intense radiation. 
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The Meltols 


The metals are prepared by the reduction o£ anhydrous fluorides, chlorides, or 
oxides by Li, Mg, or Ca at 1100-1400 °C. They are silvery white and reactive, tar- 
nishing in aïr, and pyrophoric when finely divided. They are soluble in common 
acids; HNO; or HCI are the best solvents. 

Uramium normally has a black oxidized film. When enriched ¡n ?U, the 
metal can initate a nuclear explosion above a certain critical mass, and this is 
true also for plutonium. The metals U, Np, and Pu are similar and are the dens- 
est of metals. 

Amencium and Cm are mụuch lighter metals with higher melting points than 
U, Np, and Pu and resemble the lanthanides. The metallic radius of cah[ornium 
indicates that it is divalent like Eu and Yb. 


Oxidotion Sidotes 


The oxidation states have been summarized in Table 27-2. 

The +3 stafe1s the one common to all actinides except for Th and Pa. lt is the 
preferred state for Ác, Am, and all the elements following Am. The most readily 
oxidized +3 ion is UỶ”*, which is oxidized by air or more slowly by water. 

The chemnstry is similar to that of the lanthanides. For example, the fluo- 
rides are precipitated from dilute HNO; solutions. Since the ionic sizes of both 
serles are comparable, there is considerable similarity In the formation of com- 
plex lons, such as citrates, and in the magnitude of the formation constants. The 
separation of +3 lanthanides and actinides into groups and from each other re- 
quires ion-exchange methods (Section 26-2). 

The +4 staf21s the principal state for thorium. For Pa, U, Np, Pu, and Bk, +4 
cations are known in solution, but for Am and Cm in solution there are only 
complex fuoroanions. All form solid +4 compounds. Element 104 has been 
found only in the +4 state. 

The +4 cations in acid solution can be precipitated by iodate, oxalate, phos- 
phate, and fuoride. The đ;øx/đ2s (MO,) from Th to Bk have the fluorite struc- 
ture. The tetrafluorides (ME¿) for both actinides and lanthanides are 1sostruc- 
tural. 

The +5 stafe 1s the preferred state for Pa, in which it resembles Ta. For U to 
Am only a few solid compounds are known. For these elements the đ?0xo ?01, 
[MO;]†?(aq), are of importance (discussed shortly). 

In the +6 síafe the only simple compounds are the hexafluorides (MEạ) of U, 
Np, and Pu. The principal chemistry 1s that of the đ?oxo ?ơns, [MO¿]?*, of U, Ñp, 
Pu, and Am (discussed shortly). 

The+2 and +7 siafes are quite rare. The +2 state is confined to Am (the 5ƒana- 
log of Eu), where the +2 ion can occur in CaF; lattices, and to Cf, Es, Fm, Md, 
and No, which have +2 ions in solution. These are chemically similar to BaŸ". The 
Md?` ion ¡s less readily oxidized than Eu?? (E° =—0.15 vs —0.43 V). 

The +7 state is known only in oxoanions o£ NÑp and Pu when alkaline solu- 
tions are oxidized by O; or PuO; and LizO are heated in oxygen. Representative 
oxo anions are [NpO„(OH);]?~ and [PuO¿]”. 

The dioxo tons [MO,¿]” and [MO,] 2 are both formed. The stabilities of the 
[MO;]† ions are determined by the ease of disproportionation, for example, 
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° U 

©O 

SìC U—O(UỢO,) = 1.71 Ä 
SuIT U—O(acetate) = 2.49 Ầ 


Figure 27-2 Thc structure of the anion in 
Na[UO;(O,CCH;);] viewed along the linear UO; 
group. The carboxylate groups are bidentate and equiv- 
alent. The U—O distance in UO; is much shorter than 
the U—O distances in the equatorial plane. 


2 UO¿ + 4H” = U“* + UOZ* + 2 HạO (27-3.1) 


The stability order is Ñp > Am > Pu > Ú but, of course, there 1s dependence on 
the acid concentradon. The UO¿ lon has only a transient existence in solution 
but is most stable in the pH range 2-4. 

The [MO;]#” ions are quite stable; [AmO;]”” is most easily reduced, the sta- 
bility order being U > Pu > Ñp > Am. 

The [AmO,]? and [AmO;]#* ions undergo reduction at a few percent per 
hour by the products of their own œ-radiation. 

The linear dioxo lons can persist through a varlety of chemical changes. 
They also appear as structural units in crystalline higher oxides. The ions are 
normally coordinated by solvent molecules or anions with four, or most often, 
five or six ligand atoms in or near the equatorial plane of the linear O—M—O 
group. These equatorial ligands are often not exactly coplanar. An example is 
the anion in sodium uranyl acetate shown in Fig. 27-2. Similar structures occur 
in UO;(NO,);(H;O);, Rb[UO;(NO;);], and so on. 


Actinium 


Actinium occurs 1n traces in U minerals, but can be made on a milligram scale 
by the neutron reaction 


®®Ra(my) "Ra —P —› ®Ac(G, 21.7 year) (27-4.1) 


It 1s lanthanum-like in I(s chemistry, which 1s difficult to study because of the 
intense radiation o£ the decay products. 


Thorium 


Thorium ¡is widely distributed, but the chief mineral is ơnazie sand, a complex 
phosphate that also contains lanthanides. The sand is digested with sodium hy- 
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droxide and the insoluble hydroxides are dissolved in hydrochloric acid. When 
the pH o£ the solution is adjusted to 5.8, the thorium, uranium, and about 3% 
O£ the lanthanides are precipitated as hydroxides. The thorium is recovered by 
€cxtraction from greater than 6 ẤM hydrochloric acid solution by tributyl phos- 
phate in kerosene. 

The commonest thorium compound is the a#¿, Th(NO/:)„'5H,O. Thịs is 
soluble in water and alcohols, ketones, and esters. In aqueous solution the "HH" 
lon is hydrolyzed at a pH higher than about 3. It forms complex salts such as 
K„[Th(ox)„]*4H„O and M”"[Th(NO.,)„¿]. On heating, the nitrate gives the white 
refractory dioxide ThO;. Acton of CCl, on this at 600 °C gives the white crys- 
talline ThCl¿, which acts as a Lewis acid. 


Protactinium 


Protactinium can be isolated from residues after the extraction of uranium from 
pitchblende. It is exceedingly difficult to handle, except in fluoride solutions 
where it forms complexes (c£. Ta). In most other acid solutions it hydrolyzes to 
g1ve polymeric species and colloids that are adsorbed on vessels and precipitates. 
Only a few compounds, some of PaÌŸ but mostly PaŸ, are known; they generally 
resemble those o£f Ta. For example, the chloride is PazCl;o, the oxide is Pa;O;, 
and the fuoroanions [PaF¿]", [PaF;„]®”, and [PaFs]Ÿ” are formed. 


Uranium 


Ung the discovery of nuclear fission by Lise Meitner, Otto Hahn, and Fritz 
Strassman in 1939, uranium was used only for coloring glass and ceramics, and 
the main reason for working I(s ores was to recover radium Íor us€ in cancer 
therapy. The isotope ?*”U(0.72% abundance) is the prime nuclear £uel; although 
natural uranium can be used in nuclear reactors moderated by DạO, most reac- 
tors and nuclear weapons use enriched uranium. Large-scale separaton of °*?U 
employs gaseous diffusion of UEs, but a gas centrifuge method now appears 
more economical. 
Uranium is widely distributed and ¡s more abundant than Ag, Hg, Cd, or Bi. 
It has few economic ores, the main one being ra (one form 1s ØÍchblznđe) 
an oxide of approximate compositon UO;. UỦranium ¡s recovered írom nitric 
acid solutions by 
1. Extracton of uranyl nitrate into diethyl ether or isobutylmethylketone; a 
salt such as NH‡, Ca?”, or AI” nitrate is added as a “salting-out” agent to 
increase the extraction ratio to technically usable values. If tributy]l phos- 
phate in kerosene is used, no saldng-out agent is neC€ssary. 
2. Removal from the organic solvent by washing with dilute HNO¿. 
3. Recovery as UzO; or UO; (see next subsection) by precipitation with am- 
mo1ma. 


Oxides 


The U~O system is extremely complex. The main oxides are orange-yellow UO;, 
black UzO;, and brown UO;. Uranium trioxide (UO;) 1s made by heating the hy- 
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drous oxide, mainly UO;(OH)„'H;O, which is obtained by adding NH,OH to 
[UO;¿]#* solutions. The other oxides are obtained by the reactons 


700 °C 


5U — U 0 {27-7110 
UOxCO sa ng, (277.3) 


AII oxides đissolve in HNO; to give uranyl nitrate, UOz(NO,);'zH,O. 


Holides 


The hexaftuoride UF§ 1s obtained as colorless volatile crystals (mp 64 °C) by uo- 
rination at 400 °C o£ UEs or UE¿. Ít 1s a very powerful oxidizing and fluorinating 
agent and Is vigorously hydrolyzed by water. 

The green /írachiorde 1s obtained on refluxing UO; with hexachloro- 
propene. It is soluble In polar organic solvents and 1n water. The action of Cl; on 
UQI, gives U;C1¡e and, under controlled conditions, the rather unstable UCI,. 


Hydride 


Uranium reacts with dihydrogen even at 25 “C to give a pyrophoric black pow- 
der. 


UH, (27-7.3) 


This hydride is often more suitable for the preparation o£uranium compounds 
than 1s the massive metal. Sorme typical reactions are 


HO  350°G] [UO, (27-7.4) 
G,  200°C| |UGI, (27-7.5) 
UH,+ |H,S  450°C| = {US, (27-7.6) 
HỀ 400L |UF, (G7) 
HƠI r""'250°G| -|UGI (27-7.8) 


Dioxourœanium(VI) or Uranyl Solts 


The most common uranium salt is the yellow uranyl nitrate, which may have two, 
three, or six molecules of water depending on whether it is crystallized from 
fuming, concentrated, or dilute nitric acid. When extracted from aqueous solu- 
tion Into organic solvents uranyl nitrate is accompanied by four HO molecules, 
and the NO; ions and water are coordinated in the cquatorial plane. 

On addition o£an excess of sodium acetate to UOf" solutions in đilute acetic 
acid, the insoluble salt Na[UO,(O,CCH,);] is precipitated. The uranyl ion is re- 
duced to red-brown UỶ* by Na/Hg or zinc, and UẺ* is oxidizable by aïr to øgreen 
U””. The potentials (1 A# HCIO,) are 
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1.8V 


0.06 V 0.58 V —0.63 V — 
«+ ———>UƯ*_——>U 


UOZ"——— UOÿ———> U 


0.32V 


Neptunium, Plutonium, and Americium 


The extraction of plutonium from uranium fuel elements involves (a) removal 
of the highly radioactive fission products that are produced simultaneously in 
comparable amounts, (b) recovery of the uranium for reprocessing, (c) remote 
control of all the chemical operations because of the radiation hazard. An addi- 
tional hazard is the extreme toxicity of Pu, ii: g of which 1s potentially lethal; a 
particle of ®””PuO; only 1-im in diameter can give a very high dose of radiation, 
enough to be strongÌy carcinogenic. 

The separaton methods of Np, Pu, and Am from U are based on the fokL- 
lowing chemistry. 


1. Stabilites of oxidation states. “The stabilities of the major lons involved 
are UO§* > NpO§* > PuO§* > AmO?*; Am? > Pu?* > Np°", U*, It is thus possi- 
ble by choice o£ suitable oxidizing or reducing agents to obtain a solution con- 
taining the elements in different oxidation states; they can then be separated by 
precipitation or solvent extraction. For example, Pu can be oxidized to PuOŸ* 
while Am remains as Am””. The former can then be removed by solyent extrac- 
tion or the latter by precipitaton of AmlFk. 

2. Extractability into organic solvents. The MO" ions are extracted from 
nitrate solutions into ethers. The M” ions are extracted into tributyl phosphate 
in kerosene from 6 M nitric acid solutions; the MỸ" ions are similarly extracted 
from 10 to 16 ÄMí nitric acid, and neighboring actinides can be separated by a 
choice of conditions. 

3. Precipitation reactions. Only MỶ' and MT” give insoluble fluorides or 
phosphates from acid solutions. The higher oxidation states give either no pre- 
cipitate or can be prevented from precipitation by complex formation with sul- 
fate or other lons. 

4. lon exchange methods. 'These are used mainly for small amounts of ma- 
terial as in the separation of Am and the following elements, as discussed later. 


The following are examples of the separation o£ Pu from a nitric acid solu- 
tion of the uranium fuel (plus its aluminum or other protective Jacket). 

The combination of oxidation-reducton cycles coupled with solvent ex- 
traction and/or precipitation methods removes the bulk of fission products 
(EP's). Certain elements——notably Ru, which forms catlonc, neutral, and an- 
ionic nitrosyl complexes—may require special elimination steps. The inmitial 
uranyl nitrate solution contains Pu“*, since nitric acid cannot oxidize thìs to PuY 
or Pu`1, 


Lanihanum Fluoride Cycle 


This classical procedure was first developed by McMIHIan and Abelson for the iso- 
lation of neptunium, and is still of great utility. For the U to Pu separation, the 
cycle in Scheme 27-1 is repeated, with progressively smaller amounts of 
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Solvent UO” 

UOˆ solvent 

extract 

Pù: 

FP , 
Aqueous Pu”, EP's, some l0I8 

Add La?* 
and HF(aq) 

: - boil with "+. "- 
ng PrecIpitat€. NaOH then M°*, M“ BrOz at 95 °C TT 
UO¿ LaE›, Pul; dissolve Or SIC)E § + Ag† 2 

hydroxide 
1n HNOs 
HF(aq) 
d SO : TK 
Repeat cycle < ?“— Pu** ©“?— ƑFiltrate PuOÿ”  Precipitate 
La3† 
LaH; + 
most of FP's 
Scheme 27-1 


lanthanum carrier and smaller volumes of solution, until plutonium becomes 
the bulk phase. 


Tributyl Phosphơie Solvent Ex†raction Cycle 


The extraction coefficients from 6 Mnitric acid solutions into 30% tributy] phos- 
phate (TBP) in kerosene are Pu”' > PuO?"; Np”' ~ NpOš > Pu”'; UOỆ* > NpOš > 
PuO§'. The M” ions have very low extraction coefficients in 6 éM acid, but from 
12 Mhydrochloric acid or 16 Mnitric acid the extraction increases and the order 
is Np < Pu < Am < Cm < Bk. 

Thus in the Ù to Pu separation, after addition o£NO; to adjust all of the plu- 
tonium to Pu””, we have Scheme 27-2, 


Aqueous lội sá) 


2+ 
dc extract 
lệ bền 
FP'°s TBP 
Solvent UO§”, Pu?* 
SOs or 
NH;OH 
Aqueous_ stip : mI: 2t s. _OXidize đt 
`. TH. “Ho Solvent: UO§Z” or U Aqueous: Pu Pu 
Repeat 
©xtraction 


Scheme 97-9 
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The extraction of ®”Np involves similar principles of adjustment of oxida- 
tion sfate and solvent extraction; Pu is reduced by iron(I) sulfamate plus hy- 
drazine to unextractable Pu”", while Np'Ÿ remains in the solvent from which it is 
differentially stripped by water to separate it from U. 

The chemistries of U, NÑp, Pu, and Am are quite similar and solid com- 
pounds are usually isomorphous. The main differences are in stabilities of oxi- 
đation states in solution. 

For Np, the oxidation states are well separated, but by contrast to UO;, 
NpO is reasonably stable. Plutonium chemistry is complicated because the po- 
tentials are not well separated and, indeed, in 1M HCIO, all four oxidation 
States can coexIst. 

For Am, the normal state ¡is AmŸ* and powerful oxidants are required to 
reach the higher states. 

The cations all tend to hydrolyze in water, the ease of hydrolysis being Am > 
Pu > Np > U and M“' > MO" > MỶ" > MO¿. The tendency to complexing also 
decreases Am > Pu > Np > U. 


The Elemenis Following Americium 


The isotope ”'#Cm was first isolated among the products of œ bombardment of 
®'Pu, and its discovery actually preceded that of americium. Isotopes of the 
other elements were first Identified in products from the first hydrogen bomb 
explosion (1952) or in cyclotron bombardmengs. 

lon-exchange methods have been Indispensible in the separation of the ele- 
ments following americium (often called the transeamericium elements) and 
also for tracer quantities o£ Ñp, Pu, and Am. By comparison with the elution o£ 
lanthanide ions, where La is eluted first and Lu last (Secton 26-2), and by ex- 
trapolating data for NpÏ* and Pu”” the order of elution of the ions can be pre- 
dicted accurately. Even a few z/øms of an element can be identiied because of 
the characteristic nuclear radiation. 

The actinides as a group may be separated from lanthanides (always present 
as fission products from irradiations that produce the actinides) by use of con- 
centrated HCI or 10 M LiOI, because the actinide ions more readily form chloro 
cornplex anions than lanthanides. Hence, actinides can be removed from cation 
exchange resins, or conversely, absorbed on anion exchange resins. There 1s 
also, in addition to the group separation, some separation o£ Pu, Am, Cm, Bk, 
and C£ to Es. 

The actinide ions are usually separated from each other by eluton with cit- 
rate or a similar elutant; some typical elution curves in which the relative posi- 
tions of the corresponding lanthanides are given are shown in Eig. 27-3. Observe 
that a striking similarity occurs in the spacings of corresponding elements in the 
two series. There ¡s a distinct break between Gd and Tb and between Cm and Bk, 
which can be attributed to the small change in ionic radius occasioned by the 
halffilng of the 4ƒ and 5ƒ shells, respectively. The elution order is not aÌways as 
regular as that in Fig. 27-3. 

After separation by ion exchange, macro amounts of the actinides can be 
precipitated by F~ or oxalate; tracer quantities can be collected by using a La?" 
CATTIT. 

Solid compounds of Cm, Bk, Cf, and Es, mainly oxides and halides, have 
been characterized. 
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Figure 27-3 Eluuon of lanthanide +3 ions (left) and actinide +3 ions (right) from Dowex 50 
cation-exchange resin. Buffered anmonium 2-hydroxybutyrate was the elutant. The predicted 
positons o£No (102) and Lr (103) (unobserved here) are also shown. [Reproduced by permis- 
sion from J. J. Katz and G. T. Seaborg, 7 he Chemistry oƒ the Aclimade Elzmens, Methuen, London, 


1957.] 


STUDY GUIDE 


Study Questions 
A. Review 


-_ Name the actinide elements and list their electron configurations. 
._ List the oxidation states for actinide elements. 
-_ Which actinide isotopes can be obtained in macroscopic amounts? 


'What are characteristic reactions of actinide +3 and +4 ions? 


Which +3 ion has its 5ƒ shell half full? What oxidation states do the preceding and 
succeeding elements show? 


Which actinide element corresponds to Lu? 


.-- How are actinide metals made? What are their main features? 

-_ What is the structure of the dioxo ions MO?" in, for example, uranyl nitrate hydrate? 
-- How is actinium isolated? Which element does it most resemble? 

-_ What are the main sources of (a) thorium, and (b) uranium? 

-_ Uranium is usually recovered as uranyl nitrate. How is this converted to the metal? 

- _ What are the properties and main use Of UFạ? 

-- How Is uranium hydride obtained? What are its uses? 

-_ What elements would the elements 105, 107, 119, and 118 be cexpected to resemble? 


B. Additiondl Exercises 


Ủ, 


What are the main principles upon which the S€parations of Np, Pu, and Am from U 
are made? 


Describe the lanthanum fluoride cycle for separation of Ñp or Pu from U. 
Describe the tributyl phosphate extraction S€paration of Ñp and Pu from U. 
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4. How are the elements Am to Lr usually separated? Why is it first necessary to sepa- 
rate lanthanides as a group from the actinides as a group and how is this done? 


5. Compare and contrast the chemistry of the đioxo ions of U, Np, Pu, and Am. 


C. Questions from the Litero†ure of Inorganic Chemistry 


1. An actinide metallocarborane is described by E. R. Fronczek, G. W. Halstead, and K. 
N. Raymond, J. Am. Chem. Soc., 1977, 99, 1769—1”775. 


(a)_ What reasons do the authors offer (in the introductory paragraphs of this paper) 
for anticipating that the complex reported here should be stable? 


(b) What is the coordination geometry o£ the Lï” counterion for this complex? What 
are the ligands? 


(c)  What ¡is the oxidation state of the uranium in this dicarbollide complex? 

(đ) Why can actinide lons (namely, the uranium ion in this complex) accommodate 
more ligands than typical #đblock elements? 

(e) What is the coordination number of U in this dicarbollide complex? Is this to be 
considered a coordinatively saturated system? 

2. A protactinium-oxygen bond was examined by D. Brown, €. T. Reynolds, and P. T1: 

Moseley, J. Chem. Soc. Daløn Trans., 1972, 857—859. 

(a) What evidence(s) have the authors given to suggest the presence of a Pa=O 
double bond? 

(b) With what other mono-oxo or dioxo-halogeno complexes does this Pa—O dis- 
tance compare? 

3. Consider the work by R. T. Paine, R. R. Ryan, and L. B. Asprey, Iơng. Chem., 1975, 14, 

1113-1117. 

(a) Write balanced chemical equations for the hydrolytic preparations reported 
here of UOF¿ and UO;E;. 

(b)  How is water slowly obtained in the stoichiometric amounts necessary for limited 
hydrolysis of UEạ? 

(c): How is the controlled hydrolysis reported here different from total hydrolysis in 
the presence of excess wat€r? 

(d) What evidence do the authors cite for an oxygen in a “terminal, axial position”? 
For what other MOE¿ systems is terminal-axial placement of oxygen found? 

(e). How many different coordination environments are realized by F groups in this 
structure? 
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METAL CARBONYLS 
AND OTHER TRANSITION 
METAL COMPLEXES 
WITH x-ACCEPTOR 
(x-ACID) LIGANDS 


28-1 


Introduction 


A characteristic feature of the đ-block transiton metal atoms ¡is their ability to 
form complexes with a variety of neutral molecules (e.g., carbon monoxide, Iso- 
cyanides, substituted phosphines, arsines and stibines, and mitric oxide) and var- 
1ous molecules with delocalized £ orbitals such as pyridine (py), 2,2-bipyridine 
(bpy) and 1,10-phenanthroline (phen). Very diverse types of complexes exIst, 
ranging from binary molecular compounds such as Cr(CO)¿ or NI(PE;:)¿, to 
complex ions such as [Fe(CN);CO]”, [Mo(CO);I]”, [Mn(CNR)¿]”, and 
[V(phen);]!. 

In many of these complexes, the metal atoms are in Ìow-positive, zero, OF 
even negative ƒờrmai oxidation states. It is a characteristic of the ligands now 
under discussion that they can stabilize low oxidation states. This property 1s as- 
sociated with the fact that these ligands have vacant 7 orbitals in addition to lone 
pairs. These vacant orbitals accept electron density from filled metal orbitals to 
form a type of bonding that supplements the Ø bonding arising from lone-pair 
donation. High electron density on the metal atom——of necessity in low oxida- 
tion states—can thus be đ2Ìocalized ơnto the ligands. The ability of igands to accept 
electron density into low-lying empty £ orbitals is called  acidity. The word acid- 
1ty 1s used in the Lewis sense. 

The stoichiometries o£ most complexes of7t-acid ligands can be predicted by 
use of the noble gas formalism. This formalism requires that the number of 
valence electrons possessed by the metal atom plus the number oŸ pairs of Ø 
electrons contributed by the ligands be equal to the number of electrons in the 
succeeding noble gas atom. The basis for this rule is the tendency of the metal 
atom to use its valence orbitals, øđ, (ø + 1)s, and (» + 1)ø, as fully as possible, 
in forming bonds to ligands. Although it is of considerable utility in the design 
of new compounds, particularly of metal carbonyls, nirosyls and isocyanides, 
and their substitution products, it is by no means infallible. It fails altogether 
for the bipyridine and dithiolene type of ligand, and there are sigmificant ex- 
ceptions even among carbonyls such as V(CO)¿ and [Mo(CO); (diphos);]”, 
where diphos = 1,2-bis(diphenylphosphino)cthane. 
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CARBON MONOXIDE COMPLEXES 


28-2 


The most important 7-acceptor ligand is carbon monoxide. Many carbonyl com- 
plexes are of considerable structural interest as well as being Important indus 
trially and in catalytc and other reactions. Carbonyl derivatives of at least one 
type are known for all of the transition metals. The first metal carbonyls, 
Ni(CO)¿ and Fe(CO);, were discovered by A. Mond in 1890 and 1891; he devel- 
oped an industrial process for the isolation o£ pure nickel based on the forma- 
tion and subsequent thermal decomposition o£ the volatile Ni(CO)¿. 


Mononuclear Metadal Carbonyls 


The simplest carbonyls are of the type M(CO), (Table 28-1A). The compounds 
are all hydrophobic, volatile, and soluble to varying degrees in nonpolar sol- 
vents. Of the đ-block metals, the ones that form stable mononuclear carbonyls 
are principally those that require an integral number of carbonyl ligands to at- 
tain the number ofvalence electrons in the succeeding noble gas atom. The only 
1mportant excepton is vanadium, which forms the V(CO)¿ molecule. Since the 
number of valence electrons for the noble gases ¡s 18, the noble gas formalism 
may be simplified to the 76-2i2cfrơn ruiz—stable metal complexes will be those 
which, in acquiring electrons from ligands, attain a total of 18 electrons (metal 
valence electrons + donated ligand electrons) in their valence shell. It obviously 
becomes necessary to know how to count ligand electrons properly in applying 
this formalism. 

Although there are exceptions, for the majority of simpler transition metal 
organometallics, and especially for the mononuclear and binuclear metal car- 
bonyls and their derivatives, the 18-electron formalism is useful. We start with the 
mononuclear binary carbonyls of Table 28-1. 


The 18-Electron Rule œs Applied to Mononucledr Metol Corbonyls 


Group VIA(6) Metals 

The stable binary carbonyls are the hexacarbonyls, M(CO)¿, because the va- 
lence electrons of the metal (6 valence electrons for Cr, Mo, or W) plus 12 elec- 
trons from the ligands (each of the six CO ligands is considered to be a 9-elec- 
tron donor) brings the total to 18. Stable derivatives of the mononuclear 
carbonyls include those where one or more CO groups have been replaced by an 
cqual number of 2-electron donors, so that the total number of electrons pro- 


vided by ligands remains 12. Two examples are shown in Reactions 28-9.1 and 
28-2.2: 


W(CO)s + CƑ ——> W(CO);CT + CO (282.1) 
Cr(CO)s; + RạS ——› Cr(CO),SR„ + CO (28-2.9) 


where the chloride anion or the thioether are considered to be 9-electron Ø 
donors. Substitution reactions of the Croup VIA(6) hexacarbonyls proceed by 
dissociative mechanisms because loss of a carbonyl ligand to give a 16-electron 
Intermediate 1s more favorable than the gain of an extra ligand (associative 
1nechanism). 
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Table 28-T Some Representative Metal Carbonyls and Carbonyl Hydrides 


Compound 


A. Monơnuclear Carbơnyls 
V(CO); 


Cr(CO); 
Mo(CO)„ 
W(CO)s 
Fe(CO); 


Ru(CO), 


Ni(CO)„ 


B. Pobnuclear Carbơnyls 
Mn;(CO) ¡o“ 


Fez(CO)o 


Fez(CO)¡; 


Rh„(GO)¡; 


C. Carbơnyl Hydrides” 
HMn(CO);“ 


H,Fe(CO) 


H;Fez(CO);; 
HCo(CO)„ 


Color and Form 


Black crystals; 
decomposes 70 °®C; 
sublimes In vacuum 
Colorless crystals; all 
sublime 1n vacuum 


Yellow liquid; 
rnp —20 °C 

bp 103 °C 
Colorless liquid; 
mp -22 °C 
Colorless liquid; 
TmPG=29 C 

bp 45 °C 


Yellow solid 

mp 151 °C 

sublimes 50 °C (10? mm) 
Gold solid 

mp 100 °C decomposes 
Green-black solid 

mp 140-150 °C 
decomposes 

Brick red solid 

mp 150 °C decomposes 
sublimes 65 °C (10”? mm) 


Colorless liquid 
)1119)157 2i lu @ 


Yellow liquid, colorless 
gas 

mp —70 °C 

Dark red liquid 

Yellow liquid, colorless 
gas, mp ~20 ”®C 


Structure 


Octahedral 


Octahedral 


tbp 


tbp (by IR) 


Tetrahedral 


See Fig. 28-2 


See Eig. 28-2 


See Fig. 28-2 


See Fig. 28-2 


Octahedral 


v. đistorted 
octahedron 


Uncertain 
Distorted tbp 


Comments 


Yellow orange in 
solution; 
paramagnetic (] e) 
Stable to aIr; 
decompose 180- 
200 °C 

Acton o£ ỦV gives 
Fez(CO)s 


Very volatile and 
difficult to prepare 
Very toxic; musty 
smell; flammable; 
decomposes readily to 
metal 


The Mn——Mn bond Is 
long (2.93 Ả) and 
Mn;(CO)¡¿ 1s reactive 
Very insoluble and 
nonvolatile 


Moderately soluble 


seful reagent for 
many carbonyl 
rhodium compounds 


Stable at 25 ”C, weak 
acid 

ö =—7.5 ppm” 
Decomposes —10 °C 
Weak acid 

ö =-10.1 ppm” 


Decomposes above 
mp, strong acid 
ö =—10 ppm” 


= =.  ___ _ _. _ _ _ ...... __ 1 Ðwêaẹaằẫẫằẫằăớằớẽaăaanasasaasaasa 


“Very similar Tc and Re analogs are known. 
°ð value is the position of the high-resolution proton magnetic resonance line in parts per million referred to 
tetramethylsilane reference as 0.0 ppm. Negative values to high field. 
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Fe(CO); 

Here it is the pentacarbonyl that is favored. Eight valence electrons from the 
metal plus 10 from the five CO groups give the stable 18-electron configuration. 
This occurs similarly for the other members of the group, Ru and Os, although 
the monomers are unstable towards formation of the polynuclear systems to be 
discussed shortly. Replacement of a CO ligand by another 2-electron donor 1s a 
common reaction ofIron pentacarbonyl. 


Fe(CO); + py——> Fe(CO) xpy + CO (28-2.3) 


Again, reactions such as 28-2.3 proceed by dissoclative mechanisms because of 
the greater likelihood o£ dissociation of a CO group to give a l6-electron 1nter- 
mediate (or transition state) than of ligand gain (assoclative mechanism), which 
would exceed the 18-electron configuration. The 18-electron rule requires that 
2-electron reduction of Fe(CO); as in Reaction 28-2.4: 


Fe(CO); + 2 Na——> Na;[Fe(CO)„] + CO (28-2.4) 


be accompanied by loss of one CO ligand. Accordingly, the product of Reaction 
28-2.4 is the tetracarbonyl dianion. Here we consider that 8 electrons from the 
four CO ligands, 8 from the Fe atom, and 2 electrons that are added to provide 
the 2- charge give the stable 18-electron total. 


Ni(CO), 
Thịs nickel compound achieves the 18-electron total by coordination of four 
CO ligands to the 10-electron nickel center. 


Polynucledar Metal Carbonyls 


In cach of the mononuclear metal carbonyls metioned in Section 28-9, an even 
number of metal valence electrons allowed the 18-electron formalism to be sat- 
isied by coordination from an integral number of 9-electron donor ligands. 
Where the metal brings an odd number of valence electrons to the structure 
(Mn, Tc, Re; Co, Rh, or Ir) or where condensation to polynuclear metal car- 
bonyls 1s thermodynamically favorable (Fe, Ru, or Os), an understanding of how 
the 18-electron configuration is achieved requires consideration of metal-to- 
metal bonds. 


(2) (0) 
Figure 28-Ï The two main 
types of bridging CO groups: 
(z) doubly bridging and () 
triply bridging. 


28-3. Polynucleor Metdl Corbonyls ó45 


There are numerous polynuclear carbonyls that may be homonuclear, for 
example Fez(CO);s or heteronuclear MnRe(CO)¡¿. In these compounds there 
are not only linear M—C—O groups but also either M—M bonds alone or 
M—M bonds plus ðr¿4gng carbonmyl groups. The two principal types of bridging 
group are depicted in Fig. 28-1. The doubly bridging type occurs fairly frequently 
and practically always in conjunction with an M—M bond. 

Some important polynuclear carbonyls are listed in Table 28-IB and their 
structures and those of others are shown in Fig. 28-2. 


O 
O 
O C O 
C ` C 
hoc 
Fe Fe (OC)4Os——Os(CO 
7 = s(CO} 
o£ C C C 
G O G50 | 
0 0 
Fes(CO)s Osa(CO)o 


Fea(CO)12 


M„(CO)is,M = Co, Rh Ira(CO)2 Rha(CO)is 


Figure 28-2 The structures of some polynuclear metal carbonyls. 
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Bridging CO groups very often occur ỉn pairs, as in Structure 28-1a. Any pAaIr 
©£ bridging CO groups can only be regarded as an alternative to a nonbridged 
arrangement with two terminal groups, as in Structure 28-1b. 


©@ 
| | 
: Í 
` 
tó. vs V€TSUS M—M 
`. | 
C C 
| lÌ 
@ O@ 
28-la 28-Tb 


The relative stabilities of the alternatives appear to depend markedly on the size 
of the metal atoms. The larger the metal atoms the greater 1s the preference for 
a nonbridged structure. Thus, in any group the relative stability of nonbridged 
structures increases as the group is descended. For example, Fe;(CO)¡; has two 
bridging CO groups while Ru;(CO)¡; and Osz(CO);; have none. The general- 
1zadon concerning metal atom size also covers the trend horizontally in the pe- 
riodic table. Thus, the large Mn atoms form only the nonbridged 
(OCG);Mn—Mn(CO); molecule, whereas the dinuclear cobalt carbonyl, 
Co¿(CO);, exists as an equilibriun mixture of the bridged and nonbridged 
StTUCtUF€S. 

Carbonyl groups less commonly bridge triangular arrays of three metal 
atoms [FEig. 28-1(0)] as in Rhạ(CO)¡; (Fig. 28-2). 

The presence of bridging CO groups can often be recognized from the IR 
spectra of the compounds (see Section 28-7). 


The 18-Electron Rule œs Applied †o Binucledr Metdl Corbonyls 


The counting of electrons in binuclear metal carbonyls should obey the follow- 
ing conventions: 


1. Elecrons in metakLmetal bonds should be assigned homolytically (di- 
vided evenly) among the two metals. 


2. Terminal CO groups are considered to be 9-electron donors, as usual; 
doubly bridging CO groups contribute 1 electron to each metal. 

3. Where two isomers arise because of terminal-bridging tautomerism of CO 
8roups, the total number of valence electrons, in either case, should be 
found to be 18, because the number of valence electrons is unaffected by 
tautomerism. (Compare Structures 28-la and 28-Ib, where in each one, 
cach metal atom receives 2 electrons from CƠ ligands.) 


The counting of electrons at each metal develops as follows: 


Mn;(CO)¡a: 
Mn 7 valence electrons 
Terminal CO groups 2X5=10electrons 
Mn——Mn bond l1 electron 


—==-.-....... ... xế. 
Total 18 electrons 
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Ees(GO)§: 
Fe 8 valence electrons 
Terminal CO groups 2x3= 6electrons 
Bridging CO groups 1x3= 3electrons 
Fe—Fe bond 1 electron 
Total 18 electrons 
Os„(CO),: 
Os 8 valence electrons 
(exclusive of ƒelectrons) 
Terminal CO groups 2x4= 8electrons 
Bridging CO group IxI=16tfErớn 
Os—Os bond 1 electron 


'Total “i 18 electrons 


Co¿(CO);, the nonbridged isomer: 


Co 9 valence electrons 
Terminal CO groups 2x4= 8electrons 
Co—Co bond 1 electron 
Total 18 electrons 
Co¿(CO);, the bridged 1somer: 
Co 9 valence electrons 
Terminal CO groups 2x3= 6electrons 
Bridging CO groups 1x2= 2electrons 
Co—Co bond 1 electron 
Total 18 electrons 


The counting of electrons in clusters containing three or more metals is not 
always such a straightforward affair. Many clusters are found to be “formally” un- 
saturated, and we shall not pursue the topic here in detail. We may, however, 
mention wo cases where the procedure for a given metal atom is quit€ easy: 


Rus(CO)zs: 
Ru 8 valence electrons 
Terminal CO groups 2x4=8electrons 
Two Ru——Ru bonds 1x23=2electrons 
Total - 18 electrons 
Ira(CO)ns: 
Ir 9 valence electrons 
Terminal CO groups _2x3=6electrons 
Three Ir—lr bonds 1x3=35 elcctrons 


Total 18 electrons 
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28-4 Siereochemicdl Nonrigidity in Carbonyls 


It is very common for bỉ- and polynuclear metal carbonyls to undergo rapid im- 
tramolecular rearrangements in which CO ligands are scrambled over the two or 
more metal atoms. These scrambling processes are observed and studied by 
NMR spectroscopy. 

In many binuclear compounds the mechanism o£ scrambling has as its key 
steps the opening and closing of pairs of bridges, as 1s illustrated in the follow- 
ing two cases, where Cp represents the C;H; group, which we discuss in detail in 
Chapter 29. For now, ¡t is sufficient to note that CO groups that are labeled with 
*,ø, or bare scrambled by the processes shown here. 


+ O O 
+ C* 
CpEe tCCD <==> CDpEe J2 G0. =2 
LG pEc P 
6) Ó O O lô) 
O 
*G ⁄+Ó 
CpFe Fe€Cp (3841) 
`.“ 
O 
O  OO br n 
C œ€ Gœ€C 
Bi Am => CpMo MoCp  ==> 
S O O, O OKkE 
b 
O “O2 O 
G GœŒ€ 
CpMo MoCp ` (28-4.2) 
G€ C 
O O, lộ 


A more elaborate example is presented by Rh¿(CO);; in which the 12 CO 
ligands move rapidly over the entire tetrahedral skeleton in a series of steps, each 


involving the concerted opening or closing of a set of three bridges, as shown 
here 


\/ \⁄ 


=> andsoon (28-4.3) 
* * 
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28-6 
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The ease with which these processes proceed in nearly all cases is attribut- 
able to the fact that in most polynuclear carbonyls the bridged and non-bridged 
structures differ very little in energy and, thus, whichever one is the ground state 
[cf. the Cp„Fe„(CO)„ and Cp;Mo;(CO)¿ cases in reactions 28-4.1 and 28-4.2] the 
other provides an energetically accessible intermediate for the scrambling. In 
the examples cited, the rates at which the individual steps occur at room tem- 
perature are in the range of 10-10” times per second. Thus, in the course of any 
ordinary chemical reaction, complete scrambling will occur—=many times Over. 


Prepordiion of Metal Carbonyls 


Although many metals, when prepared in a highly dispersed form, wIll react with 
CO, only Ni(CO)„ and Fe(CO); are normally made this way. Finely divided 
nickel wIll react at room temperature; an appreciable rate of reaction with iron 
requires elevated temperatures and pr€ssures. 

In general, carbonyls are formed when metal compounds are reduced in the 
presence of CO. Usually high pressures (200-300 atm) of CO are required. In 
some cases, CO itself serves as the only necessary reducing agent, for example, 


RezO; + 17 CO ——> Re;(CO)¡o + 7 CO; (28-5.1) 
but usually an additional reducing agent is needed. Typical reducing agents are 


H;, metals (e.g., Na, Al, Mg, or Cu), or compounds such as trialkylaluminum or 
(11) CÚ Na 


SG 2H +50 S6 Wo((COj,:2CO,#ZHO (2852) 
9 Mn(acac); +10 CO—““35^ ; Mn,(CO)¿; (28-5.3) 
CrGI, +8GO= SE Cr(CO), (28-5.4) 


The reaction mechanisms are obscure but when Na, Mg, or AI are used, reduc- 
tion to metal probably occurs. When organometallic reducing agents are em- 
ployed, unstable organo derivatives of the transiion metal may be formed as in- 
termediates. 


Bonding in Linear M—C—O Groups 


The fact that refractory metals, with high heats of atomization (~400 kJ mol"), 
and an inert molecule like CO are capable of uniúng to form stable, molecular 
compounds is quite surprising, especially when the CO molcecules retain their In- 
dividuality. Moreover, the Lewis basicity of CO is øgg;bi¿. However, the expla- 
nation lies in the multiple nature of the M——CO bond, for which there 1s much 
evidence, some of it semiquantitative. 

Although we can formulate the bonding in terms of a resonance hybrnid of 
Structures 98-IIla and 98-IIb, a MO formulation is more đetailed and accurate. 


M—C=©O: «—> M—=C=ÔŸ: 
28-Ha 2#IIb 
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Figure 28-3  (¿) The formation of the metal<—<CO Ø bond using a lone electron pair 
(most likely in an s hybrid) on carbon. () The formation of the metal—>CO 7 back-bond. 
Other orbitals on the CO ligand are omitted for clarity. 
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Eirst, there 1s a dative overlap of the filled carbon Ø orbital [Fig. 28-3(z)] and, 
second, a dative overlap of a filled đw or hybrid đø7 metal orbital with an empty 
antibonding Ørr orbital of the CO [EFig. 28-3(0) ]. This bonding mechanism is syn- 
©rgic, since the drift of metal electrons Into CO orbitals will tend to make the CO 
as a whole negative and, hence, wIll increase its basicity via the Ø orbital of car- 
bon; also the drift of electrons to the metal in the Ø bond tends to make the CO 
positive, thus enhancing the acceptor strength of the 7* orbitals. Thus, the e£ 
fects of Ø-bond formation strengthen the 7 bonding and vice versa. 

The main lines of physical evidence showing the multple nature of the 
M——CO bonds are bond lengths and vibrational spectra. According to the pre- 
ceding description of the bonding, as the extent of back-donation from M to CO 
increases, the M—C bond becomes stronger and the C==O bond becomes 
weaker. Thus the multuiple bonding should be evidenced by shorter M—C and 
longer C—O bonds as compared with M—C single bonds and C=O triple 
bonds, respectively. Although C——O bond lengths are rather insensitive to bond 
order, for M——C bonds in selected compounds there ¿s appreciable shortening 
Consistent with the 7-bonding concept. 


Vibrotiondl Spectra of Metal Carbonyls 


Infrared spectra have been widely used in the study of metal carbonyls since the 
C——O stretching frequencies give very strong sharp bands that are well separated 
from other vibratonal modes of any other ligands also present. 

The CO molecule has a stretching frequency of 9143 cmr!, Terminal CO 
g8roups in neutral metal carbonyl molecules are found in the range 2125~1850 
lo: 011) showing the reduction in CO bond orders. Moreover, when changes are 
made that should increase the extent o£ M—C back-bonding, the CO frequen- 
cies are shifted to even lower values. Thus, if some CO 8roups are replaced by 
Igands with low or negligible back-accepting ability, those CO groups that re- 
main must accept more đƒr electrons from the metal to prevent the accumulation 
Of negative charge on the metal atom. Hence, the frequency for Cr(CO)¿ 1s 
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about 2000 cm” (exact values vary with phase and solvent) whereas, when three 
CO groups are replaced by amine groups that have essentially no ability to back- 
accept, as 1n Cr(CO)s (dien), where dien = NH(CH.CH,NH,);, there are two CO 
stretching modes with frequencies of about 1900 and 1760 cm”. Similarly, in 
V(CO)s, where more negative charge must be taken from the metal atom, a 
band is found at about 1860 cm ` corresponding to the one found at about 2000 
em ' IH G(CO)ig: Conversely, a change that would tend to inhibit the shift of 
electrons from metal to CO 7r orbitals, such as placing a positive charge on the 
metal, should cause the CÔ frequencies to rise, for example, 


Mn(CO)‡ ~ 9090 ˆ Mn(dien) (CO)$ ~ 2090, ~ 1900 
Cr(CO), ~ 9000 ` Cr(dien)(CO); ~ 1900, ~ 1760 
V(CO)z ~ 1860 


The most important use o£ [R spectra of CO compounds is in sírwcfral dị- 
agnosis, whereby bridging and terminal CO groups can be recognized. 

For terminal M——CO the frequencies of C—O stretches range from 1850 to 
2125 cm}, but for bridging CO groups the range is from 1750 to 1850 cm". 
Figure 28-4 shows how these facts may be used to infer structures. Observe that 
Fes(CO);¿ has strong bands in both the terminal and the bridging regions. From 
this alone it could be inferred that the structure must contain both types of CO 
groups; X-ray study shows that this is true. For Osz(CO)¡; several structures con- 
sistent with the general rules of valence can be envisioned; some of these would 
have bridging CO groups, while the actual one (Fig. 28-2) does not. The IR spec- 
trum alone [Fig. 28-4()] shows that no structure with bridging CO groups is ac- 
ceptable, since there is no absorption band below 2000 cm `. 

In using the Øøøs2øns of CO stretching bands to infer the presence of bridg- 
ing CO groups, certain conditions must be remembered. The frequencies of ter- 
minal CO stretches can be quite low if (a) there are ligands present that are good 
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Figure 28-4 The IR spectra in the CO stretching region of (2) solid Fea(CO)¿, and 
(ð) Osz(CO)¡s in soluton. Notice the greater sharpness of the solution spectrum. The 
most desirable spectra are those obtained in nonpolar solvents or in the gas phase. 
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donors but poor 7 acceptors, or (b) there is a net negative charge on the species. 
In either case, back-donation to the CO groups becomes very extensive, thus In- 
creasing the M——C bond orders, decreasing the C—O bond orders, and driving 
the CO stretching frequencies down. 


Redctions of Metal Carbonyls 


The variety of reactions of the varlous carbonyls 1s so large that onÌy a few types 
can be mentioned. For Mo(CO)¿ and Fe(CO);, Fig. 28-5 gives an indicaton of 
the extensive chemistry that is typical for any Individual carbonyl. 

The most important general reactions of carbonyls are those in which CO 
groups are displaced by hgands such as PX:, PR;, P(OR);:, SR;, NR:, OR;, and 
RNC, or unsaturated organic molecules such as CazH; or cycloheptatriene. 
Derivatives of organic molecules are discussed in Chapter 29. 

Another important general reaction is that with bases (OH”, H, NH;), lead- 
Ing to carbonylate anions (discussed in Section 28-9). 

Substitution reactions may proceed by either thermal or photochemical ac- 
tivation. In some ¡instances, only the photochemical reaction is practical. 
Generally, the photochemical process first involves expulsion of a CO group 
after absorption of a photon, followed by entry of the substituent into the coor- 
đination sphere. For exarmnple, 


Cr(CO),—o> Cr(CO),—“°—› Cr(CO),L (28-8.1) 


The advantage offered by the photochemical route of Reaction 28-8.1 is that 
đ¡- and trisubstituted products can be avoided. 

Ifwe further consider the reactions of Fe(CO); as shown in Eig. 28-5, we fnd 
that four of these involve simple substitution 


Fe(CO)z; + C;Hạ——> C;H;Fe(CO); + 9 CO (28-8.9) 
Fe(CO); + CgHạ ——> C;H,Fe(CO); + 9 CO (28-8.3) 
Fe(CO); + RNC ——> RNCFe(CO)„ + CO (28-8.4) 
Fe(CO); + ø PPhạ ——> (PPh;)„Fe(CO);_„ + ø CO (28-8.5) 


Other reactions of Fe(CO);, as shown in Flig. 28-5, include reduction to car- 
bonylate amions or carbonyl hydrides, as discussed in Section 98-9, 


Carbonylote Anions and Carbonyl Hydrides 


Carbonylate anions and carbonyl hydrides are formed in a number o£ ways. The 


amionic hydride [HFe(CO)„]ˆ is obtained when F c(CO); is treated with aqueous 
hydroxide, as in Reaction 28-9.] 


Fe(CO); + 3 NaOH(aq) —> 
Na[HEe(CO)„](aq) + Na;CO;(aq) +HạO_ (28-9.1) 


or when the dianion [EFe(CO)„]?” ¡s protonated: 
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[Mo(O,CR);]; - 
C;H,Mo(CO); (py)Mo(CO);, (py)2Mo(CO)„, (py);Mo(CO); 


diegl 
cá _ Mo(CO); B7”  diglyme-Mo(CO); 


.> 
D5 
<ow CH; 
ArMo(CO); Là\ 
Œ©: ,Mo(GO),—?+ LMo(CO);J, 
S 
m”-C;H,Mo(CO)¿Na CH;ạ 
[Mo;(CO)¡o]” [K(diglyme);][Mo(CO),1] 
HFe(CO)‡ 
Ph;PFe(CO)„, (Ph;P);Fe(CO); 
[n-G,H;Fe(CO);]› 
H;SO, 
° HgFe(CO), 
ớt +r.$ 
ø SỐ S&U 
C;HJFe(CO); « xe, . 
>>...  s Na[HFe(CO),„] ——> H,Fe(CO), 
Fe(CO); on) | moes 
Fe;(CO)¡¿———> [Fe;(CO)¡¡]?” 
C;H,Fe(CO); OH" 
H;SO, 
C;H,Fe(CO)‡ [Fe(amine)s]?" [Fe (CO)„]?” 
(CH,);SiNCFe(CO), Ỷ " 
S Fes(CO);—“ — [Fe;(GCO);]?- 
(GO)FeCC >Fe(CO), = Ngoài 
R 


Figure 28-5 Some rcactions of the carbonyls Mo(CO)¿ and Fe(CO);. Further discussion is 
gIven in the text. 
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[Fe(CO)„]# + H*——> [HFe(CO)„]” (28-9.9) 


Carbonylate anions may be prepared by reduction with sodium, as in Reactions 
28-9.3 and 28-9.4. 


Co,(CO); +2 Na Hg —`“ —›9Na[GCo(GO),] (289.3) 
Cr(CO); +3 Na——> Na,[Cr(CO),]+CO (28-9.4) 


Reaction 28-9.3 involves cleavage of a metal-to-metal bond by Na. Similarly, Lĩ 
cleaves a metal-to-metal bond in Reaction 28-9.5. 


Mn,(CO)¡; +92 Li—" “9 Li[Mn(CO),] (28-9.5) 


The cobalt tetracarbonyl anion may also be prepared by Reaction 28-9.6. 


K€N(aq) 
=——————— 


2 Co” (aq)+ 11 CO+12 OH” 2 [Co(CO),] + 3CO¿ +6 H,O 


(28-9.6) 


The stoichiometries of the simpler carbonylate anions obey the 18-electron rule 
(noble gas formalism). Most of them are readily oxidized by air. The alkali metal 
salts are soluble in water, from which they can be precipitated by large cations 
such as [(CaH;)¿As]”. In the presence of water and other weak acids, though, 
many of the carbonylate anions can be protonated to give hydrides. 

The general reacton of carbonylate anions with halogen compounds is im- 
portant. Thus with alkyl halides and with acyl halides we have Reactions 28-9.7 
and 28-9.8: 


[Fe(CO)„]” + RX—> [RFe(CO)„]" + X- (28-9.7) 
[Fe(CO)„]”" + RC(O)Cl——> [RC(O)Fe(CO)„] + X- (28-9.8) 


which proceed by classic S2 mechanisms to give metal alkyls and metal acyls, re- 


spectively. As another example, consider the formation of a metal-to-carbon 
bond as in Reaction 28-9.9. 


Mn(CO); + CICH;CH=CH, = (CO),MnCH,CH=CH; + CỊ- (989.9) 


In additon, metak-to-metal bonds may be formed, as in Reactions 98-9.10 and 98- 
1T, 


[Fe(CO)„]?” + 2 Ph;PAuCl——> (Ph;PAu);Fe(CO)„+ 9 C- (289.10) 
Co(GO)¿ + Mn(CO);Br ——> (OC),CoMn(CO),+Br— (289.11) 


As has already been mentioned, hydrides corresponding to carbonylate an- 
lons can be isolated. A few of the neutral ones are listed in Table 28-1C, along 
with their properties. These neutral carbonyl hydrides, which are usually rather 


unstable, can be obtained by acidification of the appropriate alkali carbonylates, 
as 1n Reactions 28-9.12 or 98-9.13. 
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Na[Co(GO)„] + H”(aq) ——> HCo(GO)„ + Na”(aq) (28-9.12) 
Na,[Fe(CO)„] + 9 H*——> H,Ee(CO)„ + 9 Na? (28-9.13) 


They may also be obtained by reduction of metal carbonyl halides (Section 
28-10) asin Reaction 28-9.]14: 


Fe(CO)h —^. H£e(CO), (289.14) 

or by cleavage of metal-to-metal bonds by H;: 
Mn,(CO) +Hy —  —> 2 HMn(CO), (28-9.15) 
Co,(CO); + Hạ ———>3 HCo(CO), (28-9.16) 


Reaction 28-9.17 is another route to the neutral carbonyl hydride of cobalt. 


Co+4CO+‡H, "... HCo(CO), (28-9.17) 

The neutral carbonyl hydrides are slightly soluble in water where they be- 

have as acids, ionizing to give carbonylate anions, as in Reactions 28-9.18 to 
28-9.20: 


HMn(CO); = H” + [Mn(CO);]” pK~7 (28-9.18) 
H;EFe(GO)„ = H” + [HFe(CO)„]” pK~4 (28-9.19) 
HCo(CO)„ = H” + [Co(CO)„]" Strong acid (28-9.20) 


The neutral carbonyl hydrides have structures in which the hydrogen atom oc- 
cupies a regular place in the coordination polyhedron, and the M——H distances 
are approximately equal to the values expected from the sum of the single-bond 
covalent radii. A good example is afforded by the structure o£ HMn(C©);, 
shown in Fig. 28-6. For purposes of electron counting, the hydrogen atom can 
be considered to add one electron to the M(CO)„ entity to which ït is attached. 

In contrast to the neutral carbonyl hydrides, in the anionic hydrido car- 
bonyls sụch as [HM(CO);]” (where M = Cr or W) and the previously mentioned 
[HFe(CO),„] , the hydrogen atoms have much more hydridic character. 
Consequently, the anionic hydrides are not proton donors, but can be hydride 
(Hˆ) donors. In this way they find application as reducing agents for alkyl halides 
or acid chlorides, as in Reactions 28-9.21 and 28-9.22. 


RX + [HFe(CO)„]T"—— RH + [XFe(CO)„]” (28-9.21) 
RŒ(O)CI + [HCr(CO);]” ——> RC(O)H + [CKT(CO) | (28922) 
In nonpolar solvents, and in the presence of acids (e.g., acetic acid), the anlonIc 


hydrides are also useful as reducing agents for aldehydes and ketones, giving al- 
cohols, as in Reactions 28-9.23 and 28-9.24: 


RC(O)H + [HCŒr(CO);]” + HOAc——> 
RCH,OH + [(OAc)Cr(CO);]~ (289.23) 
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Filgure 28-6 The structure of the neutral 
hydride HMn(CO);, showing the stereochemi- 
cal activity of the hydrogen atom and the 
metal-hydrogen distance (which approximates 
the sum o£ the normal covalent radii). 


RG(O)R/ + [HCr(CO);]” + HOAc ——> 
RCH(OH)R/ + [(OAc)Cr(CO);]" (28-9.24) 


In the presence of strong acids, or with time in the presence of weak acids, most 
anionic hydrido carbonyls decompose via loss of H,. 


28-10 Carbonyl Halides and Related Compounds 


Carbonyl halides, M,(CO) „X,; are known for most of the elements forming bĩ- 
nary carbonyls and also for Pd, Pt, Au, Cu! and Ag'. They are obtained either by 
the direct interaction of metal halides and carbon monoxide, usually at high 
pressure, or by the cleavage of polynuclear carbonyls by halogens: 


in petrol 
40°C at 120 "k6 
Mn,(CO)„¿ + B„,—“——»9 Mn(CO), Br —— 
CO 
150 atm 
[Mn(CO),Br],+2 CO. (2810.1) 
Rul, +2 CO—“”; [Ru(CO),1,], +$1, (28-10.2) 
2 PtCl, +2 CO——>[Pt(CO)QI,], (28-10.3) 


Examples of the halides and some of their Properties are listed in Table 98-9, 
Carbonyl halide anions are also known; they are often derived by reaction of 
1onic halides with metal carbonyls or substituted carbonyls. 
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M(CO),+R,N'X  —“#”"*“ ›R.N'[M(CO),XỊ +CO 
M=Œr,Mo,orW_ (28-10.4) 
Mn,(CO),,+2 R,NˆX"——>(R,N”),[Mn,(CO),X,]ÏÏ +2CO_ - (2810.5) 
Dimeric or polymeric carbonyl halides are invariably bridged through the halo- 


gen atoms and not by carbonyl bridges, for example, in Structures 28-III and 28- 
IV. 


CO CO 
¬..Ỏ 
`... .ả 
"Re _ Re , IØi| CO 
I)/NN... `  / 
5 0ỐÊ So De CO P(  ”Pt 
PBUN, /⁄ B 
CO CO OC GÌ C1 
28-1IN 28-IV 


The halogen bridges can be broken by numerous donor ligands such as pyri- 
đine, substituted phosphines, and isocyanides, as in the following reaction: 


O O le) 
e & C 
O 
ỌC, ... CO = | _ 
`. Nữ b..v 2 (Đ) „o2 `Nn 2 (py) 
.c M7 (le BỌN 
OC | CO œ Đy 
lệ € C 
lộ) lộ lộ) 
28-V 
O 
Š 
m | 1 
2s `Mw (9810.6) 
c X 
ø Py 
Đy 
28-VI 


CARBON MONOXIDE ANALO©S 
28-11 Isocyanide Complexes 


An isocyanide (R—N=C:) is very similar electronically to :OSC:, and there are 
many isocyanide complexes stoichiometrically analogous to metal carbonyls. 
Isocyanides can occupy bridging as well as terminal positions. Examples are such 
crystalline air-stable compounds as red Cr(CNGẠ,H;);, white [Mn(CNCH;)¿]1, 
and orange Co(CO) (NO) (CNG;H;);, all o£ which are soluble in benzene. 
Isocyanides generally appear to be stronger G donors than CO, and various... 
complexes, such as [Ag(CNR)¿]”, [Fe(CNR)s]?*, and [Mn(CNR)s]””, are known $ 


Q9 ._. 
—~ 
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Table 28-2 Some Examples of Carbonyl Halide Complexes 


TH 
Compound Form )G Comment 
Mn(CO),CI Pale yellow crystals Sublimes Loses CO at 120 °“C in 


Organic solvents; can 
be substituted by 
pyridine, and so on 
[Re(CO)„Cl]; - White crystals Decomp. >250 Halogen bridges 
cleavable by donor 
ligands or by CO 


(pressure€) 
[Ru(CO);I;]„ Orange powder Stable >200 Halide bridges 

cleavable by lgands 
[Pt(CO)G1;]; Yellow crystals 195; sublimes Hydrolyzed by HO; 


PC]; replaces CO 


where 7 bonding is of relatively little importance; derivatives of this type are not 
known for CO. However, the isocyanides are capable of extensive back-accep- 
tance of 7 electrons from metal atoms in low oxidation states. This is indicated 
qualitatively by their ability to form compounds such as Cr(CNR)¿ and 
NI(CNR)¿, analogous to the carbonyls and more quantitatively by C=SN stretch- 
¡ng frequencies which, like CO stretching frequencies, are markedly lowered 
when the ligand acts as a 7 acid. 


Dinitrogen (N;) Complexes 


The fact that CO and Ñ; are isoelectronic had for years led to speculation as to 
the possible existence o£ M——NN bonds analogous to M—CO bonds, but it was 
only in 1965 that the first example, [Ru(NH;);N;]CI;, was reported. Subsequent 
work has shown that the [Ru(NH;);N;]Ÿ† cation can be obtained in a number of 
ways, for example, 


by reaction o£N;H¿ with aqueous RuCl; 

by reaction of NaN; with [Ru(NH;);(H,O) ]#? 
by reaction o£N› with [Ru(NH;);H,O]?+ 

by reaction o£ RuCl;(aq) with Zn in NH;(aq) 


Of these the direct reaction with N; to displace H,O is perhaps most notable. 
Despite much study, no effective way of reducing coordinated N; to NH; has yet 
been found. However, there are several systems in which reduction of N; toNH; 
and/or N;H¿ 1s catalyzed by low-valent metal compounds, presumably via tran- 
sient M——N; complexes. 
A bridgingN; ligand, of the M——N—N—M type, is formed in the reaction 
zn/H 
[Ru(NH.,),CI]” —-. ([Ru(NH,),],N,}? (28-12.1) 
3 
The terminal-type N; ligands have strong IR bands in the range 1930-2230 


cm” (100-400 cm” below that of free N,„, 2331 cm”) that may be used diag- 
nostically. 
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The formation o£N; complexes by direct uptake o£N; gas at 1 atm has been 
observed, especially with tertiary phosphine ligands in reactions such as: 


Al@-GH;); _ 


Co(acac), +3 Ph¿P+N, Co(H)(N,)(Ph,P),  (28-12.2) 


FeCl, +3 PEtPh, +N, — 25H 9 FeH,(N,)(PEtPh,), (28-12.3) 


Na Hgin THF 


cis+Mo(N,),(PPhMe,), (98-19.4) 


MoCI,(PPhMe,), +N, +9 PPhMe, 


Several typical compounds containing M—NN groups have been struc- 
turally characterized. The three atom chains are essentially linear, the N—N dis- 
tances are slightly longer than that in the NÑ; molecule, and the M——N distances 
are short enough to indicate some multiple bond character. 

The bonding in M—N; groups is similar to that in terminal M—CO groups. 
The same two basic components, Mc—N; ø donation and M->N› 7 acceptance, 
are involved. The major quantitative differences, which account for the lower sta- 
bility of N; complexes, arise from small diferences in the energies of the MƠ's 
of CO and N¿. It appears that N; is weaker than CO in both its øödonor and 
T-acceptor functions, which accounts for the poor stability of NÑ; complexes in 
general. 


28-13 Thiocqarbonyl Complexes 


The CS molecule, unlike CO, does not exist under ordinary conditions, al- 
though it can be made in dilute gas streams by photolysis o£ CS;. Nevertheless, 
CS can be stabilized by complexing and a few compounds are known. Thus 
RhCI(PPh;); reacts with CS; to give RhCI1(n'-CS,) (n?-CS„)(PPhs);, which ¡in 
methanol gives #rzws-RhCl(CS) (PPh;) a. 

Thiocarbonyl complexes have CS stretches in the region 1270-1360 cm”, đe- 
pending on the oxidation state of the metal, charge on the complex, and the 
like, whereas the stretch for CS trapped in a matrix at —190 °C is at 1274 cm”. 
The đ#—øT£ bonding is similar to that for the carbonyls. 


28-14 Niirogen Monoxide Complexes 


The NO molecule is similar to CO except that it contains one more electron, 
which occupies a 7 orbital (cf. Section 3-6). Consistent with this similarity, CO 
and NO form many comparable complexes although, as a result of the presence 
of the additional electron, NO also forms a class (bent MNO) with no carbonyl 
analogs. 


Lineor, Termindl MNO Groups 


We have seen that the CO group reacts with a metal atom that presents an empDty 
Ø orbital and a pair of filled đw orbitals, as illustrated in Eig. 28-3, to give a linear 
MCO grouping with a C—> M Ø bond and a significant degree of M—> C £ bond- 
ing. The NO group engages in an entirely aralogous interaction with a metal 
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atom that may be considered, at least formally, to present an empty G orbital and 
a palr of đw orbitals containing only three electrons. The full set offour electrons 
for the Mđ# —> rm*(NO) Interactions 1s thus made up o£ three electrons from M 
and one from NO. In effect, NÓ contributes three electrons to the total bond- 
Ing configuration unđer circumstances where CO contributes only two. Thus, for 
purposes of formal electron “bookkeeping,” the hgand NO can be regarded as a 
three-electron donor in the same sense as the ligand CO is considered a two-elec- 
tron donor. 'This leads to the following very useful general rules concerning stoi- 
chiometry, which may be applied without specifically allocating the difference in 
the number of electrons to any particular (i.e., Ø or 7) orbitals: 


1. Compounds ¡isoelectronic with one containing an M(CO)„ grouping 
are those containing M“(CO)„_¡(NO), M”“(CO)„_s(NO);, and so on, where M', 
M”, and so on, have atomic numbers that are 1, 2,..., and so on, less than M. 
Some exarmples are 


(a) (n“-C;H;)Cu(CO) and (n”-C;H;)Ni(NO) 

(b) Fe(CO)„ and Mn(CO)„(NO) 

(c)_ Ni(GO)„, Co(CO);(NO), Fe(CO)z(NO)„, Mn(CO) (NO)s, and 
Cr(NO)„. 


The isoelectronic and isostructural series in (c) is the longest one known. All are, 
like Ni(CO)¿, tetrahedral molecules. 

2. Three CO groups can be replaced by two NO groups. Examples of 
pAaIrs of compounds so related are 


Fe(GO), Fe(CO);(NO), 
Mn(CO),NO Mn(CO) (NO); 
2H; CH; 


AM P CàT 
(OC)Fe,_ Fe(GO), (ON);Fe Fe(NO), 


S = 
C.H; ©.H;, 


Structural đata suggest that under comparable circumstances M—CO and 
M—NO bonds are about equally strong, but in a chemical sense the M—N 
bonds appear to be stronger, since substitution reactions on mixed carbonyl-ni- 
trosyl compounds typically result in displacement of CO in preference to NO. 
For example, Co(CO)zNO reacts with R;P, X;P, amine, and RNC ligands, invari- 
ably to yield the Co(GO);„(NO)L, product. 

The NO vibration frequencies for linear MNO 8roups substantiate the idea 
Of extensive M to Ñ  bonding, leading to appreclable population of NO 1t* or- 
bitals. Nitrogen monoxide has its unpaired electron in a #* orbital; the N—O 
stretching frequency is 1860 cm", For typical linear MNO groups in molecules 
with small or zero charge, the observed frequencies are in the range 1800—1900 


cm”. Thỉs indicates the Pr€sence of approximately one electron parr shared be- 
twcen metal đr and NO 7r* orbitals. 


28-15 Complexes of Group(15) œnd Group VIB(1ó) Ligands óó] 


Bent, Terminal MNO Groups 


It has long been known that NO can form single bonds to univalent groups such 
as halogens and alkyl radicals, afording the bent species 


'Ñ=G: and "N=O: 
2 ⁄ : 
X R 


Metal atoms with suitable electron configurations and partlal coordination 
shells may bind NO in a similar way. This type o£ NO complex is formed when 
the incompletely coordinated metal ion (L„M) would have a CÔNG configuration, 
thus being prepared to form one more single Ø bond. The M——N——-O angles are 
in, or near, the range 120-140”. Typical compounds are [Co(NH;)„NO]|Br; and 


IrCl,(PPhạ)„NO. 


Bridging NO Groups 


These are less common than bridging CO groups, but well-established cases of 
both double and triple bridges are known. As in carbonyls, the bridging NO fre- 
quencies are at lower frequencies than terminal ones. 

Bridging NO groups are also to be regarded as three-electron donors. The 
doubly bridging ones may be represented as 


N::Ö 


where the additional electron required to form two metal-to-nitrogen single 
bonds is supplied by one o£ the metal atoms. 


28-15 Complexes of Group VB(15) and Group VIB(1ó) Ligands 


Trivalent phosphorus, arsenic, antimony, and bismuth compounds, as well as đi- 
valent sulfur and selenium compounds, can give complexes with transition met- 
als. These donors are, of course, quite strong Lewis bases and give complexes 
with Lewis acids such as BR; compounds, where đ orbitals are not involved. 
However, the donor atoms do also have empty đt orbitals and back-acceptance 
into these orbitals is possible, as shown in Flg. 28-7. 

Based on IR data an extensive series of ligands involving Groups VB(15) and 
VIB(16) donor atoms can be arranged in the following order of decreasing 7 
acidity: 


CO ~ PF; > PClạ ~ AsClạ ~ SbCl; > PCIz(OR) > PCI;R > PCI(OR); 
> PCIR¿ ~ P(OR)¿ > PR¿ ~ AsR; ~ SbR„ ~ SR; 


It is noteworthy that IR spectral evidence, as well as photoelectron spec- 
troscopy, shows that PFs is as good or better than CO as a 7 acid. Thus, It 1s not 
surprising that PF; forms an extensive group o£ M,(PE;), compounds, many of 
which are analogs of corresponding M,(CO), compounds and some of which, 
for example, Pd(PF;)„ and Pt(PE;)„, are more stable than their carbonyl analogs, 
which can be observed only at very low temperatures. 
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Empty đx; orbital z 


Filled 
orbital 


Overlap 


Figure 28-7  Diagram showing the 7 back-bonding from a filled 
metal ở orbital to an empty phosphorus 3đ orbital of the PX; ligand, 
taking the zaxis as the M——P bond axis. A similar overlap occurs in 
the yz plane using the đ,„ orbital. 


The other Group VB(15) and VIB(16) ligands are all capable of replacing 
some CO  groups, to form compounds such as (R;P)aMo(CO);s or even 
(R;P)„Mo(CO);, but rarely can they replace all CO groups starũing from a 
carbonyl. However, by special methods (such as cocondensation of metal atoms 
with (CH;);P, or by treating metal compounds with diphosphines under 
strongly reducing conditions), products such as Mo(PMe;)s and 
Mo(Me,PCH.,CH,PMe,); can be obtained. 


28-1ó Cyanide Complexes 


The formation of cyanide complexes is restricted almost entirely to the transi- 
tion metals o£ the đ block and their near neighbors Zn, Cd, and Hg. This sug- 
gests that metal——CN  bonding is of importance in the stability of cyanide com- 
plexes, and there is evidence of various types to support this. However, the 
Traccepting tendency of CN- is much lower than for CO, NO, or RNC. Thị 1s, of 
Course, reasonable in view ofits negative charge. Cyanide ion is a strong Ø donor 
so that back-bonding does not have to be invoked to explain the stability of its 
complexes with metals in normal (¡.e., II or HH) oxidation states. Nonetheless, 
because of the formal similarity of CN” to CO, NO, and RNGC, it is convenient to 
discuss its complexes in thỉs chapter. 

The majority of cyano complexes have the general formula ÍT Cup aÐp 
and are anionic, such as [Fe(CN)¿]“", [Ni(CN)„]?”, and [Mo(CN)s]?~. Mixed 
complexes, particularly of the type [M(CN),X]”~, where X may be H;O, NHạ, 
CO, NO, H, or a halogen, are also well known. 

Although bridging cyanide groups might be expected in analogy with those 
formed by CO, none has been definitely proved. However, linear bridges 
(M—CN——M) are well known and play an important part in the structures of 
many crystalline cyanides and cyano complexes. Thus AuCN, Zn(CN);, and 
Cd(CN); are all polymeric with inũnite chains. 

The free anhydrous acids corresponding to many cyano anions can be iso- 
lated; H;[Rh(CN)¿] and H„[Fe(CN)s] are cexamples. These acids are different 
from those corresponding to many other complex ions, such as [PtCl¿]?” or 
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[BE,], which cannot be isolated except as hydroxonium (H;O”) salts. These 
compounds are also different from metal carbonyl hydrides in that they do not 
contain metal-to-hydrogen bonds. Instead, the hydrogen atoms are situated in 
hydrogen bonds between anions, that is, MCN- - -H- --NCM. 
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Study Questions 


A. Review 


1. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


For each of the 7-acceptor ligands mentioned ïn this chapter, state the nature of the 
acceptor orbital(s). 

'Write the formulas for the mononuclear metal carbonyl molecules formed by V, Cr, 
Fe, and Ni. Which ones sausfy the noble gas formalism? 

Why are the simplest carbonyls of the metals Mn, Tc, Re and Co, Rh, lr groups 
polynuclear? 

Explain, with necessary orbital diagrams, how CO, which has negligible donor prop- 
erties toward sinpÌle acceptors such as BE;, can form strong bonds to transition metal 
atoms. 


In what ways can CO be bound to a metal atom? 

Discuss and explain the trend in CO stretching frequencies in the series V(CO)s, 
Cr(CO)¿, Mn(CO)§. 

Draw the structures of Fes(CO) s, Ruz(CO);;, and Rh„(CO)¡a. 

Which are the only two metals to react directly with CO unđer conditions suitable for 
practical syntheses? 

What is the general type of reaction used to prepare metal carbonyls? State the main 
ingredients, the function of each, and some examples. 

How are the following compounds made? What are their principal physical charac- 
teristics? 


(a) EFe(CO)„ from iron powder 

(b) Cos(CO); from hydrated cobalt(I) sulfate 

(c) Cr(CO)s from hydrated chromium(HI) chloride 
(d) Mn,(CO)¡o from hydrated manganese(II) chloride 
(e) Ees(CO)¡s from Ee(CO); 


Explain why Mo(py)„(CO)¿ has two forms, one having a single CO stretching band 
in the IR spectrum, the other four. 

Give the formulas of some simple carbonylate ions and carbonyl hydrides. Do they 
follow the noble gas rule? 

In a carbonyl complex with a linear OC—M——CO group, how will the CO stretching 
frequency change when (a) one CO is replaced by triethylamine, (b) a positive 
charge is put on the complex, and (c) a negative charge is put on the complex? 
How is N¿ related to CO? Are N; complexes more or less stable than CO complexes? 
What was the fñirst Ñ; complex discovered and when? 

Describe the bonding of NO to a metal in the case where the M——NÑ——O chain is es- 
sentially linear; specifically contrast it with the analogous M——C—O bonding in 
terms of how many electrons are involved. 

Besides linear M——N——O bonding, what other kinds are there? 
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18. 
19. 
20. 


Explain why nitric oxide can be regarded as a three-electron donor lgand. Would 
you expect the stoichiometries of compounds with the following chelate ligands to 
be similar to those formed by NO? 


©@ CH; (D0 L- 

Z`% vP 

N = Ni <—:N(CH;); 
O@ CH; 


Would there be any difference in the formal oxidation state of the metal, for exam- 
ple, in Mn(CO)„NO and Mn(CO)„[CH;N(CH;);] (shown on the right)? 


Explain how trialkyl or aryÌl phosphines can bínd to a metal. 
Which PX%; ligand is most similar in its bonding ability to CO2 
Discuss the similarities and differences between CN" and CO as ligands. 


B. Addiiiondl Exercises 


1. 


10. 


II; 


In order to have a vanadium carbonyl that satisfies the noble gas formalism, what 
would be the simplest formula? Why do you think this fails to occur? 


- IULis known that in Mn;(CO)¡¿ the carbonyl groups move rapidly from one man- 


ganese atom to the other. On the basis of what you find in Sectons 28-3 and 28-4 sug- 
gest a plausible intermediate for this process. 

Do you think that carbonyls of the lanthanides are likely to be stable? Whatever your 
anSWCT, gÏv€ r€aSOn§. 

Write both bridged and nonbridged structures for Mn;(CO)¡ạ and Co,(CO);. The 
former has CO stretching bands only in the range 2044-1980 cm', while the latter 
has bands in the range 2071-2022 cm”, as well as two at 1860 and 1858 cm!, Which 
structure is indicated to be correct in cach case? 


-_ What are the formulas of the metal carbonyls that are isoelectronic with Cr(NO)„, 


Mn(C©O) (NO);, Mn(CO)„NO, Fe(CO);(NO),? 


-_ Write balanced equations for the following reactions 


(a) Mn;(CO);o 1s heated with I; 


(b) Mo(CO); 1s refluxed with KI in THE 
(c) Fe(GO); 1s shaken with aqueous KOH 
(đ) Ni(GO)„ 1s treated with PCIa 

(e) Cos(CGO)s 1s treated with NO in hexane 


What is the difference between a 7-acid ligand like RNC and a ligand like C,H, that 
forms 7t complexes? 


In a linear group R;P—M—CO, how would the CO frequency change when 


R=E,CH,, C;H,„ -Ý{ CH¡, or  È F 


Why is pK; for H;Fe(CO)„ smaller than pK;, by nine units? What đoes this tell us? 
Put the following ligands in decreasing order of acidity 

CH;CN (C;H;)„O PCI; As(GH;); CH;NG (G:H;)¿N 
Determine whether or not the following structures obey the 18-electron rule: 


(a) H,Fe(CO), (Œ) V(CO); (c) [V(CO)¿]" 
(d) W(CO);P(G¿H;); (e) Mn(CO),NO Œ) [Cr(CO),]Ƒ 
(g) Co(H)(N,)(PPh;); (Œh) Mn;();(CO), @) [W(CO),CII” 


@) HMn(CO), (k) [V(GO),H]?- 
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M2: 


13. 
14. 


15. 


16. 


Tự. 
18. 


c. 
1. 


5. 


Explain the relative position of the IR stretching absorptons in [V(CO)¿]” versus 
Cr(CO)a. 
Explain why V(CO)s is readily reduced to the monoanion. 


Describe the bonding of a doubly bridging CO group between two metals. Use the 
three-center, two-electron MO approach. 


Use the MO approach to describe the bonding of a triply bridging CO group to three 
metal centers. 


Šuggest preparations of the following products: 

(a) W(CO);(py) (b) Na[HCr(CO);] 
(c) MeNCEe(CO)„ (d) K[Mo(CO)z]] 
(e) Mo(CO);(py)s () HCo(CO)¿ 

(g) K[Co(CO)¿] (h) Mn(CO)„(D) (py) 
@) Mn(CO);(D) @y); ()_Re(CO)„Cl(py) 


(k) trans-RhCl1(CS) (PPh;); 
Write balanced equations for each o£ the preparations of [Ru(NH;) TN IS 


Write balanced equations for three separate routes to the anion [Co(CO)„]”. What 
do you expect its geometry to be? 


Questions from the Literoture of Inorganic Chemisiry 


Consider the paper by E. A. Cotton, D. J. Darensbourg, and B. W. S. Kolthammer, 

Tnơrg. Chem., 1981, 20, 4440-4442. 

(a) Write a balanced equation for the synthesis of the tile compound. [Nøe; The 
PPN' counterion is a large organic cation, bis(triphenylphosphine)iminium, 
which may be considered to be noninvolved in the essential chemistry of this sys- 
tem.] What is the role of the methanol reagent in this preparation? 

(b) In which compounds mentioned in this paper do steric effects preclude a short 
M——P bond? 

(c)_ What significant inter- or intramolecular contacts (or lack of contacts) lead the 
authors to propose that the M——P bond reported here is not influenced by steric 
cffects? 

(d) What mechanism for substitution has been assumed in predicting that the 
P(CH;); ligand in W(CO);P(CH;); should be less labile than the P(-Bu); lig- 
and in W(CO);P(/-Bu);? Explain. 

Consider the work by R. J. Dennenberg and D. J. Darensbourg, Inơg. Chem., T72, 

11, 72-11. 

(a) Summarize the evidence that is presented in favor o£ a dissociative mechanism 
for the substitution (decomposition) reactions reported here. 

(b) Why is cleavage ofa M—N bond easier than cleavage o£a M——CO bond? 

(c) Show with orbital overlap diagrams the 7 bond between M and py that is re- 
sponsible for the slower substitution of this unsaturated amine than of the satu- 
rated amines. 

Consider triphenyltris(th£)chromium(IHI) as reported by §. I. Khan and R. Bau, 

Organơmetallics, 1983, 2, 1896-1897. 

(a) Assign oxidadon states to the ligands and to the metal. How many electrons 
should each ligand be considered to donate to chromium? 

(b) What evidence is there for the đ#-Zw bonding to the phenyl ligands? Show the 
orbitals that would be involved in such a -bond system. 

(c) The dianion [Cr(Ca¿H;);] ?~ is mentioned. Does it satisfy the 18-electron rule? 
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4. Consider the hydrido pentacarbonyl of chromium as reported by M. Y. Darensbourg 

and J. C. Deaton, #zørg. Chem., 1981, 20, 1644-1646. 

(a) Write equations for each of the routes (outlined in the introduction), which ín- 
volve the monoanion [HCr(CO);]”. Why do these routes not serve as useful 
mnethods for isoladon o£ [HCr(CO);]'? 

(b) Should the dimer [(CO);Cr—H—Cr(CO);]” be considered to be saturated 
from the standpoint of the 18-electron rule? Answer also for the monomeric 
[HŒr(CO);]-. 

(c) Write an equation for each step in the successful synthesis, as reported here, of 
the tetraethylammonium salt of [HCr (CO); |”. 

5. Consider the anionic hydrido carbonyl dimer [HEe;(CO)¿]” as reported by H. B. 

Chin and R. Bau, /zørg. Chzm., 1978, 17, 2314-2317. 

(a) How ¡s the structure of this anion related to that of EFez(CO)ạ? 

(b) What bonds in the anion should be described by the three-center, two-electron 
formalism? 

(c) What arguments do the authors present that M——CI—M systems should not be 
formulated as electron deficient (three-center, two-electron) bonds? 

(d) What IR evidence suggests the presence of bridging CO ligands in this com- 
pound? 
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Generơl Survey of Types 


Organometallic compounds are those in which the eørbơn atoms of organic 
ðTroups are bound to metal atoms. For example, an alkoxide such as (CaH„O)„Ti 
1s not considered to be an organometallic compound because the organic group 
1s bound to Tỉ by oxygen, whereas C¿H,„Ti(OC;H;); is, because a metal-to-carbon 
bond is present. The term organometallic is usually rather loosely deñned and 
compounds of elements such as boron, phosphorus, and silicon, which are at 
best scarcely metallic, are included in the category. A few general comments on 
the various types of compounds can be made first. 


lơặïc Comjbounds oƒ Electrobostioe Metais. The organometallic compounds of 
highly electropositive metals are usually ionic, insoluble in hydrocarbon solvents, 
and are very reactive toward air, water, and the like. The stability and reactivity 
Of lonic compounds are determined in part by the stability of the carbanion. 
Compounds containing unstable anions (e.g., C„Hs„,¡) are generally highly re- 
active and often unstable and difficult to isolate. Metal salts of carbanions whose 
stability 1s enhanced by delocalizaton of electron density are more stable, al- 
though sữill quite reactive; examples are (CaH;)zCNa” and (C;H;);Ca”". 


ơ-Bơnded Compbøunds. Organometallic compounds in which the organic 
residue is bound to a metal atom by a normal two-electron covalent bond (albeit 
in some cases with appreciable 1onic character) are formed by most metals of 
lower electropositivity and, o£ course, by nonmetallic elements. The normal va- 
lence rules apply in these cases, and partial substitutlon o£ halides, hydroxides, 
and so on, by organic groups occurs as in (CH;)zSnCI, (CH;)SnGC];, and so on. 
In most of these compounds, the bonding 1s predominantly covalent and the 
chemistry ¡is organic-like, although there are many differences from carbon 
chemistry due to the following factors: 


1. The possibility ofusing higher đorbitals in SiRa, for example, which 1s not 
feasible In CR„. 

2. Donor ability of alkyls or aryls with lone pairs, as in P(C:H;);, S(CH:)¿, 
and so on. 

3. Lewis acidity due to incomplete valence shells as im BR; or coordinative 
unsaturation as In ZnR:. 

4. Effects of electronegativity differences between M——C and C—C bonds. 
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Transition metals may form simple alkyls or aryls but these are normally less 
stable than those of main group elements for reasons that we discuss later 
(Section 29-11). There are numerous compounds in which additional ligands 
such as CO or PR; are present. 


Nơnclassically Bơnded Cơmbownds. In many organometallic compounds there 
1s a type of metal-to-carbon bonding that cannot be explained in terms 0Ý ionic 
or electron-pair G bonds. One class comprises the alkyls of L1, Be, and AI that 
have Zridging alkyl groups. Here, there is electron deficiency as in boron hy- 
drides, and the bonding is of a similar multicenter type. À second, much larger 
class comprises compounds of transitton metals with alkenes, alkynes, benzene, 
and other ring systems such as C;H;. 

First, we consider the organometallic compounds of the main group ele- 
menis, including the nonclassically bonded ones, and then turn to the transition 
metal compounds. 


Synthetic Methods 


There are many ways of generating metal-to-carbon bonds that are useful for 
both main group and transiton metals. Some of the more Important Ways are as 
follows: 


1. Direct reactions of metals. The earliest synthesis, by the English 
chemist Sir Edward Frankland in 1845, was the interaction of Zn and an alkyl 
halide. EFrankland was, in fact, attempting to synthesize alkyl radicals; his discov- 
ery played a decisive part in the development of modern ideas o£ chemical 
bonds. Much more useful, however, was the discovery by the French chemist, V. 
Grignard, of what are now called Grignard reagents by interacton of Mg with 
alkyl or aryl halides in ether. 


Mg+CH,I—*"®*›CH,MgI (29-2.1) 


Direct reactlons of alkyl or aryl halides occur also with L1, Na, K, Mg, Ca, Zn, and 
Cd. ...o 

2. Use of alkylating agents. The previously mentioned compounds can be 
udlHzed to make other organometallic compounds. The most important and 
widely used are Grignard and lithium reagents. Aluminum and mercury alkyls 
and certain sodium derivatives, especially Na*C;H;, are also useful alkylating 
agents. 

Most nonmetal and metal halides or halide derivatives can be alkylated in 
cthers, or hydrocarbon solvents, for example, 


PC; + 3 CH;MgCI = P(C,H,); + 3 MgCI, (29-2.2) 
VOGI; + 3 (Me);SiCH,„MgCl = VO(CH,SiMe,); + 3 MgCl, (99-9.3) 
PtCl;(PEt;)„ + MeMgCI = PtCIMe(PEt,)„+ MgCl, — (299.4) 


3. Interaction of metal or nonmetal hydrides with alkenes or alkynes. 
One of the best examples for nonmetals, and one that finds wide use in synthe- 
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SIs, 1s the hydroboration shown in Reaction 99-9 .5, 
` 2 |] 
‡BH,+3 C—C(, -Ê*°“, pgG—G— (29-2.5) 
ván ề | 
73 


Reaction 29-95 may be regarded as an addition across the double bond of the 


alkene. The Iintermediate trialkyl borane may be protonated as in Reaction 
29-2.6: 


TÔI HH H 
| JIG@)l/ | | 
b. ƠI jộ=="..- =iia lê H + B(OH); (29-2.6) 


HH H H 


3 


and the net result is hydrogenation of the original alkene. Oxidation of the tri- 
alkyl borane molecule as in Reaction 29-2.7 


li NNgi H H 


| H;O, › 


| ] 
R—C—C-kn hân OH +B(OH); (292.7) 
H 


H 


gIves the alcohol. 

For transition metals and hydride complexes, such reactions are of prime 
importance in that many catalytic syntheses involving transition metals (Chapter 
30) have, as an early step, the reaction: 


Ì 


N ⁄ | 
LMH+ C=C =LM—C—C— (29-2.8) 
- ` [| 


4. Oxidative addition reactions. “The so-called oxad reactions (Section 30- 
2), where alkyl or aryl halides are added to coordinatively unsaturated transition 
metal compounds, generate metal~-carbon bonds; for example, 


RhCIl(PPh,); + Mel = RhCIIMe(PPhạ)„ + PPh¿ (29-9.9) 


5. Insertion reactions. Certain “insertion” reactions (Section 30-3) may 
also allow the generation of bonds to carbon, for example, 


H “ 
[(CN);Co—Co(CN);]*ˆ + HCSCH = |(G,@—C=G~GS(CN), 
(29-2.10) 
SbC]; + 2 HC=CH = Cl;Sb(CH—CHCI); (29-2.11) 


The reactions in number 3 above can also be regarded as “insertlons” Into the 
M——H bond. 
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PART A 
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MAIN GROUP ELEMENTS 


29-3 


Lithium Alkyls and Aryls 


Organometallic compounds of lithium have been discussed in a preliminary 
fashion in Section 10-8. One of the major uses of metallic lithium, Industrially 
and in the laboratory, is for the preparation oforganolithium compounds which, 
in their reactions, generally resemble Grignard reagents, alhough the lithium 
reagents are usually more reactive. Organolithium compounds are prepared by 
interaction of the metal with an organic halide, usually the chloride, in benzene 
or alkanes. Ethers can be used as solvents, but they are attacked slowly by the 
lithium compounds. Examples of typical preparations include reacton with 
cthyl chloride as in Reacton 29-3.l: 


CHIGI+21i—y HH1] (29-3.1) 


metal-hydrogen exchange as in Reaction 29-3.2: 


G„HạẹL1 sp Fe = Fe Sin „Họ (29-3.2) 


metal-halogen exchange as in Reaction 29-3.3: 


Br L1 
22 c 
Q„H,Li + lÌ= |Ì + C,H;Br (29-3.3) 
N ¬ 
N N 


and metal-metal exchange as in Reaction 29-3.3: 
2 Li + R;Hg ——> 2 RLi + Hg (29-3.4) 


Buyllithium in hexane, benzene, or ethers 1s commonly used for such reac- 
tons. Methyllithium 1s also prepared by exchange through the interaction of 
C„H¿Li and OH;I in hexane at low temperatures, at which poïnt it precipitates as 
insoluble white crystals. 

Organolithium compoungds all react rapidly with oxygen, being usually spon- 
taneously Hammable in alr, and also with liquid water and with water vapor. 
However, lithium bromide and ¡iodide form solid complexes of stoichiometry 
RLI(LIX);¡_¿ with the alkyls, and these solids are stable in air. 

Organolithium compounds are among the very few alkali metal compounds 
that have propertles—solubility in hydrocarbons or other nonpolar liquids and 
hiph volatiliy—typical of covalent substances. They are generally liquids or low- 
melting solids. Molecular association is an important feature of the alkyls in both 
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Figure 29-Ì The structure of 
(CH;L1) ¿ showing the tetrahedral 
Li unit with the methy] groups lo- 
cated symmetrically above each 
face of the tetrahedron. [Adapted 
from E. Weiss and E, A. C. Lucken, 
J. Organomet. Chem., 1964, 2, 197.] 
See also Fig. 10-4. 


crystals and solutions. Thus in methyllithium (Fig. 29-l) the Li atoms are at the 
corners of a tetrahedron with the alkyÌ groups centered over the facial planes. 
EFach CH¡: group ¡s thus symmetrically bound to three Li atoms, and this alkyl 
bridge bonding ¡s of the electron-deficient multicenter type (Section 3-7). 
Aggregate formation is due principally to the LI—C—Ll rather than to Li—LÌ 
bonding interactions. 

In solutions the nature o£ the polymerized species depends on the solvent, 
the steric nature of the organic radical, and temperature. In hydrocarbons 
CH;Li, C;H;Li, CạH;Li, and some others are hexamers, but /2i-butyllithium, 
which presumably is too bulky, is only tetrameric. In ethers or amines solvated 
tetramers are formed. There are no aggregates smaller than tetramers. However, 
when chelating ditertiary amines, notably tetramethylethylenediamine (TMED), 
(CH,),NCH,CH;,N(CH;);, are used, comparatively stable monomeric alkyl- 
lithium complexes are obtained. 

The alkyls and aryls also form complexes with other metal alkyls such as 
those of Mg, Cd, and Zn. For example, 


2 LIC2H; + Mg(Q¿H;); = Li;[Mg(C¿H;)„] (29-3.5) 


Ít is not surprising that there are wide variatlons in the comparative reactiv- 
itles of Li alkyls depending on the differences in aggregation and ion-pair inter- 
actions. An example is benzyllithium, which is monomeric in THE and reacts 
with a given substrate more than 10 times as fast as the tetrameric methyk- 
lithium. The monomeric TMED complexes mentioned previously are also very 
much more reactive than the corresponding aggregated alkyls. Alkyllithiums can 
polylithiate acetylenes, acetonitrile, and other SOI Bạn) thus, CH;C=S=CH 
gives Li¿C¿, which can be regarded as a đerivative of Cá”. 
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Reactions of lithium alkyls are generally considered to be carbanionic in na- 
ture. Lithium alkyls are widely employed as stereospecific catalysts for the poly- 
merization of alkenes, notably isoprene, which gives up to 90% of 1,4-œs-poly- 
isoprene; numerous other reactions with alkenes have been studied. The TMED 
complexes again are especially active. NÑot only will they polymerize ethylene, but 
they will even metallate benzene and aromatic compounds, as well as reacting 
with hydrogen at l atm to give LH and alkane. 


Organosodium and Organopotgdssium Compounds 


These compounds have been discussed in Section 10-8, are all essentially ionic, 
and are not soluble to any appreciable extent in hydrocarbons. They are ex- 
ceedingly reactive, sensitive to air, and are hydrolyzed vigorously by water. 

Most important are the sodium compounds from acidic hydrocarbons such 
as cyclopentadiene, indene, and acetylenes. These compounds are obtained by 
reaction of the hydrocarbon with metallic sodium or sodium dispersed in TH 
or DME. 


Magnesium 


The organic compounds of Ca, Sr, and Ba are highly ionic and reactive and are 
not useful, but the magnesium compounds are probably the most widely used of 
all organometallic compounds, finding application extensiveÌy in organic chem- 
1stry, as well as In the synthesis of alkyl and aryl compounds o£ other elements. 
Magnesium compounds are of the types RMgX (the Grignard reagents) and 
MgR:. The former are made by direct interaction o£ the metal with an organic 
halide (RX) in a suitable solvent, usually an ether such as diethyl ether or THE, 
The reaction 1s normally most rapid with iodides (RI) and iodine may be used as 
an Initiator. For most purposes, RMgX reagents are used 2 su. The species 
MgR; are best made by the dry reacton: 


HgR; + Mg(excess) ——> Hg + MgR; (29-5.1) 


The dialkyl or diaryl is then extracted with an organic solvent. Both RMgX, as 
solvates, and R;Mg are reactive, being sensitive to oxidation by air and to hy- 
drolysis by water. 

The nature of Grignard reagents # sojzøn 1s complex and depends on the 
nature oÊ the alkyl and halide groups, and on the solvent, concentration, and 
temperature. Generally, the equilibria involved are of the typc: 


X 
Z ÁN 
Bo s. - == 2 RMgX => R,Mg + MgX, 
X 
/ 
R X 
SW é `M (29-5.2) 
lo : 
R X 
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Solvation (not shown) occurs and association is predominantly by halide rather 
than by carbon bridges, except for methyl compounds, where bridging by CH; 
ðTOUDPS may OCCUF. 

In đilute solutions and in more strongly donating solvents the monomeric 
species normally predominate, but in diethyl ether at concentrations Øreater 
than 0.1 Ä association gives linear or cyclic polymers. For crystalline Grignard 
reagents both of the structures RMgX-zS, where the number (ø) of solvent (S) 
molecules depends on the nature of R, and R(S)Mg(n-X);Mg(S)R have been 
found. The Mg atom is usually tetrahedrally coordinated. 

Zmc and cađmium compounds are similar to those of magnesium but differ 
in their reactivities. The lower alkyls of zinc are liquids spontaneously flammable 
In air. These compounds react vigorously with water. 


Mercury 


A vast number o£ organomercury compounds are known, some of which have 
useful physiological properties. They are of the types RHgX and R;Hg. These 
compounds are commonly made by the interaction of HgCl; and RMgX, but 
Hg—C bonds can also be made in other ways which are discussed below. 

The #HgX combownds are crystalline solids. When X can form covalent bonds 
to mercury, for example, Cl, Br, I, CN, SƠN, or OH, the compound is a covalent 
nonpolar substance more soluble in organic Hquids than in water. When X is 
SO¿Z- or NO;, the substance is saltlike and presumably quite ionic, for instance, 
[RHg]*[NO;]”. 

The đ72i#ys and đzaryis are nonpolar, volatile, toxic, colorless liquids, or low- 
melting solids. They are unaffected by air or water, presumably because of the 
low polarity of the Hg—C bond and the low affinity of mercury for oxygen. 
However, they are photochemically and thermally unstable, as would be ex- 
pected from the low bond strengths (50-200 kJ mol”). In the dark, mercury 
compounds can be kept for months. The decomposition generally proceeds by 
homolysis of the Hg——C bond and ensuing free radical reactions. 

All RHgX and R;Hg molecules are linear. The principal utility of dialkyl- and 
điaryÌlmercury compounds, and a very valuable one, 1s in the preparation of 
other organometallic compounds by ?#rchønge reactlons. For example, 


s R;¿Hg +M—— R„M + § Hg (29-6.1) 


This reaction proceeds essentially to completion with the L¡ and Ca groups, and 
with Zn, Al, Ga, Sn, Pb, Sb, Bi, Se, and Te; but with In, TI, and Cd, reversible equi- 
libria are established. Partial alkylation of reactive halides can be achieved, for 
example, : 


AsGls + (C2H;)¿Hg ——> C;H,HgCI + C.H;AsCl; (29-6.2) 


Mercury released to the environment (e.g., as metal) by losses from elec- 
trolytic cells used for NaOH and Cl; production, or as compounds such as 
alkylmercury seed dressings or fungicides, constitutes a serious hazard. Thịs is a 
result of biological methylation to give highly toxic (CH;);Hg or CH;Hg”. 
Models for vitamin B;›, sụch as methylcobaloximes (Section 31-8), which have 
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Co—CHs bonds, wIll transfer CHỊ; to Hg””. There are a number of microorgan- 
isms that can perform the same function, possibly by similar routes. 


Mercurolion and Oxomercurdiion 


An important reaction for the formation of Hg—C bonds, and one that can be 
adapted to the synthesis of a wide variety of organic compound, ¡s the additon 
of mercuric salts, notably the acetate, trifluoroacetate, or nitrate to Uunsaturated 
compounds. 

Mercuration of aromatic compounds occurs as follows: 


HgOCOCH; 
+ Hg(OCOCH,)¿——> (È +CH,CO,H (29-6.3) 


Mercuric salts aÌso react with alkenes 1n a reversible reaction: 


X 
` —_ s⁄ N 2⁄4 
J= + HgX, => =“.-. (29-6.4) 
HgX 


The reversibility 1s readily shown by using Hg(OCOCE;);, since the latter 1s 
soluble in nonpolar solvents; the equilibrium constants for Reacton 29-6.4 can 
be measured. In mmost instances, the reactions must be carried out 1n an alcohol 
or other protic medium, where further reaction with the solvent occurs. The re- 
action 1s then called oxơmørcuraữøn. For example, 


`@‹4. < 
0=G + Hg(OCOCH,); + CH,OH 


| 


7 
=“.. + CH¿O,H (29-6.5) 
HgOCOCH,,.. 


The evidence that HgX%; adds across the double bond is usually indirect, e.g., by 
observing the products on hydrolysis. 


CH,=CH, + Hg(NO,),—° —›HOCH,CH,Hg'+2NO; — (296.6) 


In these reactiONS, 727€w7¿nzum ¿øws of the type found In Structures 29-I and 
29-1II are believed to be intermediates. In FSOsH—SbF;—SO; at 70 °C long- 


Ï 
Hệ” Hg” 
= “ SỀ v22 ` ¿ ` 27 
29-I 29-I 


lived mercurinium lons have been obtained by reactions such as: 
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_h 
CH,OCH,CH,HgCI-“—› CH,OH‡ + CH,CH,Hg**+HCI  (29-6.7) 


np ` 
+ Hg(OCOCEF,),—› É 3e (29-6.8) 


Thịs type of addition has been used for the synthesis of alcohols, ethers, and 
amines from alkenes and other unsaturated substances. The additions of HgX; 
are carried out In water, alcohols, or acetonitrile, respectively. The mercury is 
removed from the intermediate by reduction with sodium borohydride. An ex- 
ampIle 1s: 


Hg(OCOCH;) : HgOCOCH; NaBH, H 
H,O, THF =— 
©H OH (29-6.9) 
Boron 


There is a very extensive chemistry of organoboron compounds. 

The 2y and /rnarylborznas are made from the halides by lithium or 
Grignard reagents, and by hydroboration. The lower alkyls Inflame ïn afr, but the 
aryls are stable. Like other B%; compounds alkylboranes behave as Lewis acids 
giving adducts (e.g., R;B:NRị). Furthermore, when boron halides are treated 
with four equivalents of an alkylating agent, the trialkyl or triaryl gives an anion 
BR¿. The most Important compound 1s sod2um 0rabhenyiborae, Na[B(O2H;)„¿]. 
Thịs is soluble in water and is stable in weakly acid solution; it gives Insoluble pre- 
cipitates with larger catlons (such as K”, Rb”, or (CGHs)„N”) that are suitable for 
gravimetric analysis. There are also dị- and monoalkyl compounds such as R;BX 
or RBX;, where X may be a halogen, OH, H, and so on. 


Aluminum 


The alkyls of AI are important because of therr industrial use as catalysts for the 
polymerization of ethylene and propylene (Section 30-10). They are also widely 
used as reducing and alkylating agents for transition metal complexes. 
The alkyls may be prepared by the reactlons 
2 AI+ 3 R;Hg —> 2 R;ạAl or [R;Al]; + 3 Hg (29-8.1) 


RMgCI + AlCI¿ạ ——> RAICI;, R;AICI, R;AI (29-8.2) 
More direct methods suitable for large-scale use are 


NI CS AlU (29-8.3) 
IöiAIfiNesw4;GyHsg— LI[AI(C,Høzøal (29-8.4) 
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Figure 29-2 (¿) The structure of Al;(CH:)¿. (0) The orbital overlap in the plane of 
the Al—C—AI bridge bonds. 


Although (AIH;)„ cannot be made by direct interaction of AI and H, neverthe- 
less, in the presence of aluminum alkyl, the following reacton can oCCur tO g1ve 
the dialkyl hydride: 


AI+ŠH;+ 2 AIR;ạ——> 3 AIR;H (29-8.5) 
This hydride will then react with alkenes. 
AIR;H + G„H;„——> AIR:(C,H;„„¡) (29-8.6) 


Thus the direct interaction o£ AI, H;, and alkene can be used to give either the 
đialkyl hydrides or the trialkyls. 

Other technically mportant compounds are the “sesquichlorides,” such as 
(CH;);Al,CI; or (C:H,);A1;,C1;. These compounds can be made by direct inter- 
action o£ AI or Mg-AI alloy with the alkyl chloride. 

The aluminum lower alkyls are reactive liquids, inflaming ïn air and explod- 
¡ng with water. All other derivatives are similarly sensitive to air and moisture 
though not all are spontaneously flammable. Certain aluminum alkyls form rea- 
sonably stable dimers. The structure of trimethylaluminum is shown in Eig. 29- 
2(2). The alkyl bridge is formed by multicenter bonding, that is, A—C—AI, 
(3c-2e) bonds (Section 3-7). Each AI atom supplies an s#” hybrid orbital and so 
does the C atom. The bonding situation is shown in Fig. 29-2(). A similar de- 
scriptlon holds true for bridging in [Be(CH,) 2]„„ which 1s a linear polymer, each 
Be atom being tetrahedral. 

There is no simple explanation why boron trialkyls do not đimerize in a sim- 
llar way, especially since hydrogen bridges are very important in the boranes 
(Secuons 3-7 and 12-5). The coordinative unsaturation of AI alkyls also means 
that they behave as Lewis acids, giving adducts such as R„AINR; or anionic 
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species like Li[AI(C;H;)„]. In this respect all of the coordinatively unsaturated 
alkyls of Groups IIB(13) and IIB(12) elements are similar. 


Silicon, Ge, $n, and Pb 


There is an extensive chemistry of the Group IVB(14) elements bound to car- 
bon. Some o£ the compounds, notably silicon—oxygen polymers and alkyltin 
and alkyllead compounds, are of commercial importance. 

Essentially all the compounds are of the tetravalent elements. In the đivalent 
state the trimethylsilymethyl derivatives, M[CH(SiMe:);];, are the only well-es- 
tablished compounds with G bonds. Other tin compounds that might appear to 
contain Sn” are linear or cyclic polymers of Sn'Ÿ, 

For all four elements the compounds can generally be designated R„_„MX„„ 
where R is an alkyl or aryl and X can be H, CI, O, COR”, OR”, NRý, SR/, 
Mn(CO);, W(CO);(n”-C;H;), and so on. The elements can also be 1nCcorporated 
into heterocyclic rings of various types. 

For a given class of compound, those with C—Si and C—Ge bonds have 
higher thermail stability and lower reactivity than those with bonds to Sn and Pb. 
In catenated compounds, similarly, S—S¡i and Ge—Ge bonds are more stable 
and less reactive than Sn—Sn and Pb——Pb bonds. For example, Si;(CH;) s 1s very 
stable, but Pb;(CH;)¿ blackens In air and decomposes rapidly in CCl¿ although 
1t 1s farily stable in benzene. 

The bonds to carbon are usually made via Interaction of Li, Hg, or AI alkyls 
or RMgX and the Group IVB(14) halide, but there are some special synthetic 
methods noted in the following sections. 


Silicon 


The organometallic compounds o£ Sỉ and Ge are very similar in their properties. 

Silicon-carbon bond energies are less than those of C—C bonds but are still 
quite high, in the region 250-335 kJ mol". Hence, the tetraalkyls and tetraaryls 
are thermally quite stable; Si(Ca¿H;)¿„, for example, boils unchanged at 530 °©. 

The chemical reactivity of S—C bonds is generally greater than that of 
C—C bonds because (a) the greater polarity of the bond (Si'——CŠ~) allows eas- 
ier nucleophilic attack on Sĩ and electrophilic attack on Ô than for C—C com- 
pounds, and (b) displacement reactions at silicon are faciitated by 1ts ability to 
form five-coordinate transition states by utilization of đ orbitals. 


Alkyl- and Arylsilicon Holides 


These halides are of special importance because of their hydrolytic reactlons. 
They may be obtained by normal Grignard procedures from SiC]¿ or, In the case 
of the methyl derivatives, by the Jtoebœu #r0cess in which methyl chloride is passed 
over heated, copper-activated silicon. 


GEsSlersSi(Gi0)x==4(GI1,)a49ÌGlaea (29-9.1) 


The halides are liquids that are readily hydrolyzed by water, usually in an inert 
solvent. The silanol intermediates R;zSiOH, R;Si(OH)¿, and RSI(OH)s can some- 


ó78 


Chopler29 /ˆ Organometdllic Compounds 


times be isolated, but the diols and triols usually condense under the hydrolysis 
conditions to siioxzwes that have S——O——Si bonds. The exact nature of the prod- 
ucts depends on the hydrolysis conditions, and linear, cyclic, and complex cross- 
linked polymers of varying molecular weights can be obtained. These com- 
pounds are often referred to as s¿c0nés; the commercial polymers usually have 
R=CCH;, but other groups may be Incorporated for special purposes. 

Controlled hydrolysis of the alkyl halides in suitable ratios can give products 
of particular physical characteristics. The polymers may be liquids, rubbers, or 
solids, which have in general high thermal stability, high dielectric strength, and 
resistance to oxidation and chemical attack. 

Examples of simple siloxanes are (Ca¿H;)zSiOSi(¿H;); and the cyclic trimer 
or tetramer (Et¿SiO);/„„;; linear polymers contain —SIRz—O——SIRz—O—— 
chains, whereas the cross-linked sheets have the basic unIt 


=0 nUÊnG 


Tin 

Where the compounds of tin differ from those of S¡ and Ge, they do so mainly 
because of a greater tendency of Sn'Ý to show coordination numbers higher than 
four and because of lonization to øIve cationic species. 

Trialhylin comownds (RzŠnÄX) are aÌways associated in the solid by anion 
bridging (Structures 29-IH and 29-IV). The coordination of the tin atom is close 
to tbp with planar Sn(CH;); groups. In water the perchlorate and some other 
compounds ilonize to give cationic species, for example, [(CH;)szSn(H;O);]”. 


CHỊ; „sư KH CHạ+r CH;r 
4 cm 4 `. : DÁR`-. 
—SŠn— ——Sn—— + n n 
3 về “`. 
H;C CH, HạC CH, CH,H,CCH, CHỊ, 
29-II 29-IV 


Dialhyltiin combounds (R¿SnX;) have a behavior similar to that of the trialkyl 
compounds. Thus the Huoride (CH;);SnF; is again polymeric, with bridging F 
atoms, but Šn 1s octahedral and the group CH;—Sn—CHH; is linear. However, 
the chloride and bromide have low melting points (90 and 74 °C) and are es- 
sentially molecular cormpounds. The halides also give conducting soludons in 
water, and the aqua ion has the linear C—Sn—C group characteristic of the di- 
alkyl species [cf. the linear species (CH;);Hg, (CH;),TU, (CH;);Cd, or 
(CH;)„Pb?"], probably with four water molecules completing octahedral coordi- 
nation. The linearity in these species appears to result from maximizing oÝ s 
character in the bonding orbitals of the metal atoms. Organotin bđr;døs are use- 


ful reducing agents in organic chemistry and can add to alkenes by free radical 
r€actions to generate other organotin compounds. 
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Organotin compounds have a number of uses in marine antifouling paints, 
fungicides, wood preserving, and as catalysts for curing silicone and epoxy resins. 


Led 


The most important compounds of lead are (CH;)„Pb and (C;H;)„Pb, which 
were made in huge quantities for use as antiknock agents in gasoline. The envi- 
ronmental increase in lead ¡s largely due to the burning of leaded gasolines, and 
theïr use has been largely phased out in the USA and elsewhere. 

The commercial synthesis is the interaction of a sodium-lead alloy with 
CH;C] or C.H;Cl in an autoclave at 87—100 °C, without solvent for C2H;Cl butin 
toluene at a higher temperature for CH;CI. The reaction is complicated and not 
fully understood, and only a quarter of the lead appears in the desired product. 


4 NaPb + 4 RƠI ——> R„Pb + 3 Pb + 4 NaC] (29-9.2) 


The required recycling of the lead is disadvantageous and electrolytic proce- 
dures have been developed. 

The lower alkyls are nonpolar highly toxic liquids. Tetramethyllead decom- 
poses around 200 °C and tetraethyllead around 110 °C by free radical processes. 


Phosphorus, As, Sb, and Bi 


The chemistry of organometallic compounds 1s extensive, especially that of 
phosphorus and arsenic. This chemistry was developed largely because of the 
physiological properties of these compounds. Thus, one of the first chemother- 
apeutic agents, salvarsan, which was discovered by P. Ehrlich, led to a wide study 
Of arylarsenic compounds. 

The so-called “organophosphorus” compounds that have anticholinesterase 
activity and are widely used as insecticides do øø£ contain P—C bonds, but are PŸ 
đerivatives such as phosphates or thionates. For example, parathion is 
(C;H,O)¿P(S) (OCgH,NO;). 

Most of the genuine organometallic derivatives are compounds with only 
three or four bonds to the central atom, although a few R;M compounds are 
known. The simplest synthesis is the reacton 


(O)MX; + 3 RMgX ——> (O)MR; + 3 MgX„ (29-10.1) 


Trimethylphosphine is spontaneously flammable in air, but the higher tri- 
alkyls are oxidized more slowly. The RyMO compounds, which may be obtained 
from the oxo halides as shown in Reaction 29-10.] or by oxidation of the corre- 
sponding R;M compounds, are all very stable. The trialkyl- or alkylarylphos- 
phines are usually liquids with an unpleasant odor. The triarylphosphines are 
white crystalline solids reasonably stable in air. Tertiary phosphines, arsines, and 
stibines are all good 7acid ligands for đ-group transition metals (Section 28-15). 
The oxides (R;MO) also form many complexes, but they function as simple 
donors. Trialkyl- and triarylphosphines, -arsines, and -subines generally react 
with alkyl and aryl halides to form quaternary salts. 


RzM + RX—— [R;R“M]*X- (29-10.2) 
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The tetraphenylphosphonium and tetraphenylarsonium Ions are useful for 
precipitating large anions such as ReO¿, ClIO¿ and complex anions of metals. 
An important phosphonium compound is obtained by the reaction 


PH¿ + 4 HCHO + HCI(aq) = [P(CH;OH)„]*CL (29-10.3) 


It is a white crystalline solid, soluble in water, and is used in the ameproofing 
Of fabrics. | 

Triphenylphosphine is an important ligand, and ¡s also utiized in the Wittig 
reaction for alkene synthesis. This reaction involves the formation of alkyliden- 
etriphenylphosphoranes from the action of butyllithium or other base on the 
quarternary halide, for example, 


[ (QVH; );PCH; TBr- zø—butyllithium 


(C,H,);P—CH, (29-10.4) 
This Intermediate reacts very rapidly with aldehydes and ketones to g1ve ZWItt€r- 
1onic compounds (Structure 29-V), which eliminate triphenylphosphine oxides 
unđer mild conditions to give alkenes (Structure 29-VỊ). 


O- 
(C;H,);P—CH, cyclohexanone CH,P _ (GH,); 
29-V 
CH; 
+ (QạH,);PO (26-10.5) 
29-VI 


Alkylidenephosphoranes such as (CH;)zP—=CH;, (C;H;);P—CH;, 
(CH;);C.H,P=CH;, and (C,H;);P—=CHCH; are all colorless liquids, stable for 
long periods in an inert atmosphere. 


.. 


PART B 


TRANSITION METALS 


Sigma-bonded alkyls or aryls of the transition metals are stable only under spe- 
cial circumstances. Unstable or labile species with G bonds to carbon are of great 
significance, particularly in catalytic reactions of alkenes and alkanes induced by 
transiion metals or metal complexes. Transition metal to carbon Ø bonds also 
€©xist In nature in Vitamin B¡; derivatives (Section 31-8). 

The unique characteristics of đ orbitals allow the binding to metal atoms of 
unsaturated hydrocarbons and other molecules. The bonding is nonclassical and 


the metal complexes of alkenes, alkynes, arenes, and the like, have no counter- 
parts elsewhere in chemistry. 
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Transifion Metơl to Carbon ơ Bonds 


Although the compound [(CH;);PtI]¿, which has a structure based on a cube 
with Pt and I atoms at alternative corners and each Pt bound to three CH¿ 
ðroups, was made in 1909 by Pope and Peachy, attempts to prepare compounds 
such as (C;H;);Fe by reactions of Grignard reagents with metal halides failed. 
Although evidence indicated the alkyls were present in solution at low tempera- 
tures, complicated decomposition and coupling reactions occurred at ambient 
temperatures. 

It was found over 30 years ago that, provided other ligands such as the TỊ”- 
cyclopentadienyl group described later in this chapter, or those of the 7-acid type 
(Chapter 28) were present, alkyl compounds could be isolated; one example 1s 


- CH;Mn(C©O);. It now appears that the principal reason for the stability of these 


compounds Is that the coordination sites required for decomposition reactions 
to procecd are blocked. The main reason for the instability of most binary alkyls 
or aryls 1s that they are coordinatively unsaturated, and there are easy pathways 
for thermodynamically possible decomposition reactions to occur. Possible de- 
compositlon pathways Iinclude homolysis of the M——C bond, which generates 
free radicals, as well as the transfer ofa hydrogen atom from carbon to the metal. 
A particularly common reaction ¡s the transfer from the B carbon of the alkyl 
chain (Reaction 29-]1.1) 


CHR 
M——CH,—CH,—R — | M<— || -— 
CH, 


MH + CHR=—CH, ;. (29-11.1) 


resulting in the elimination of alkene and formation o£an M——H bond. The re- 
verse of this reaction, that is, the formation of alkyls by addition of alkenes to 
M—H bonds (c£. Section 30-6) is of very great importance ín catalytic reactions 
điscussed in Chapter 30. Once the hydrogen atom has been transferred to the 
metal, further reaction can occur to give the metal and hydrogen, or the hydro- 
gen can be transferred to the alkene to form alkane. Thus it has been shown that 
the copper alkyl (Bu;P)CuCH;©(Me);Ph decomposes largely by a free radical 
pathway but that the similar alkyl, (BuạP)CuCH;CH,CH;CH;, decomposes by a 
nonradical pathway involving Cu—-H bond formation. The difference 1s that the 
latter, but not the former, has a hydrogcn atom on the -carbon atom. 

There are a number of reasonably thermally stable alkyls that cannot un- 
dergo the j-hydride-transfer, alkene-elimination sequence. These have groups 
such as —CH,C¿H;, —CH;Si(CH;);, —CH;C(CH;ạ); —CH;Pˆ(CH;);, and 1- 
norbornyl (Structure 29-VH). 


M 
29-VHI 


Although hydrogen transfer from an œcarbon atom to produce a hydrido car- 
bene intermediate as the first step in decomposidion: 


682 
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Table 29-]  Some Binary Transiion Metal Alkyls 


Compound Properties 
Tï(GH,Ph)a Red crystals, mp 70 °®; tetrahedral 
VO(CH,S5IMe,); Yellow needles, mp 75 °C; has V=O bond 
Cr(1-norbornyl); Red-brown crystals; tetrahedral; M” paramagnetic 
Mo,(CH,SIMe:); Yellow plates, decomp. 135 °C; has Mo==Mo bond 
Re(CH;)s Green crystals; octahedral; đ" paramagnetic 
j 
M—CHRR'—> M—=C.RR' ị (29-11.2) 


1s possible, this is evidently less favorable than the B transfer and is rarely ob- 
served. Methyl metal compounds such as (CH;)„Tï or the [(CH;);PtT]¿ already 
mentioncd are accordingly much more stable than the homologous ethyl metal 
compounds. However, even TI(CH;)„ decomposes at about =80 °C, but on addi- 
tion of ligands such as bipyridine which leads to coordinative saturation as in 
Ti(bpy) (CH;)¿, a substantial increase in thermal stability results. This again 
shows the necessity of having coordination sites on the metal available in order 
to allow decomposition reactions to proceed. Another striking example of this 
principle is that substituton-inert complexes (Section 6-5) of Cr"", Co”!, and 
Rh”" may have M—C bonds even when H;O or NH; are ligands; one example is 
[Rh(NH.,);C;H;]”". Particularly important are the cobalt complexes of the vita- 
mịn B¡; type and their synthetic analogs, which are discussed in Chapter 31. One 
example is the đimethylglyoxime complex shown in Structure 29-VIN, 


Some representative examples of alkyls are given in Table 29-1. 


Alkene Complexes 


About 1830, W. €. Zeise, a Danish pharmacist, characterized compounds that 
had stoichiometries PtCl¿C.H, and K[PtO1:C.H,]. Although these were the first 
organometalhc derivatives of transition metals to be prepared, their true nature 
was fully established only around 1953. 
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Ethylene and most other alkenes can be bound to transiion metals in a wide 
variety of complexes. The structures of two such complexes are shown In Fig. 
29-3. The fact that the plane of the alkene and the C=C axis are perpendicular 
to one of the expected bond directions from the central metal atom is of key sig- 
niRcance. In addition, the expected line o£a bond orbital from the metal atom 
strikes the C==O bond at its midpoint. 

The most useful description of the bonding in alkene complexes ¡s illus- 
trated in Fig. 29-4. The bonding consists of two interdependent components: (a) 
overlap o£ the 7-electron density of the alkene with a Ø-type acceptor orbital on 
the metal atom; and (b) a “back-bond” resulúng from flow of electron density 
from fiHed metal đ,. or other đw—-#mx hybrid orbitals into the 7*-2wf2bonding orbital 
on the carbon atoms. Ít is thus similar to that discussed for the bonding of CO 
and other 7acid hgands (Chapter 28) and implies the retention of appreciable 
“double-bond” character in the alkene. Of course, the donation of 7-bonding 
electrons to the metal Ø orbital and the introduction of electrons into the 7*-an- 
trbonding orbital both weaken the 7# bonding in the alkene, and in every case ex- 
cept the anion o£ Zeise`s salt there is-significant lengthening of the alkene C—C 
bond. There appears to be some correlation between lengthening of the bond 
and the electron-withdrawing power of the substituents of the alkene. This is ex- 
emplified by the structures shown in Fig. 29-3 where the C„(CN)„ complex has a 
C—C bond about as long as a normal single bond. 

In the extreme of a very long C—C distance the bonding could be formu- 
lated as a kind o£ metallocyclopropane ring, involving two (2c-2e) M—C bonds 
and a C—C single bond. In Fig. 29-3() the bond angles at the two alkene car- 
bon atoms are consistent with this view. This representation of the bonding and 
the MO đescription are complementary, and there is a smooth gradation of one 
description Into the other. 

Alkenes with unconjugated double bonds can form independent linkages to 
a metal atom. Two representative complexes, o£ 1,5-cyclooctadiene (cod) and 
norbornadiene, are Structures 29-IX and 29-X, respectively. Three unconjugated 


Figure 29-3 The structurcs of two monoalkene complexes. (2) The [PtCI;C;H,„] 
anion of Zeise”s salt. (;) The molecule (Ph;P);(CO) (Br)Ir[Cz(CN)¿], with phenyl 
groups of the triphenylphosphine ligands omitted for clarity. The monoalkene €2(CN)¿ 
1s tetracyanoethylene. 
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Figure 29-4  Diagrams showing the MO view o£ alkene-metal bond- 
¡ng. (2) The donation of 1-electron density from the alkene to the 
metal. (ð) The donation o£ đ7-electron density from the metal to the 
alkene. 


double bonds may be coordinated to one metal atom as in the frns, frans, frans- 
cyclododecatriene complex (Structure 29-X%I). 
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When two or more cøz7wgø/eđ double bonds are engaged in bonding to a 
metal atom the interactions become more complex, though qualitatively the two 
types of basic, synergic components are involved. Buta-1,3-diene is an important 
case and shows why ït is an oversimplification to treat the bonding as simply col- 
lectilons of separate monoalkene-metal interactiohs. 

Two extreme formal representations of the bonding of a buta-1,3-diene 
ðToup to a metal atom are shown in Eig. 29-5. The degree to which individual 
Sstructures approach either of these extremes can be judged by the lengths of the 
C—C bonds. A short-long-short pattern is indicative of Fig. 29-5(2) while a 
long-short-long pattern is indicative of Fig. 29-5(ð). In no case has a pro- 
nounced short-long-short pattern been established and the actual variation 
seems to lie between approximate equality of all three - lengths and the 
long-short-long pattern. 

From a purely formal point of view each double bond in any alkene can be 
considered as a two-electron donor. IÝ we have a polyalkene involved, the metal 
atom usually reacts so as to complete its normal coordination. For example, 
Mo(C©O)¿ and Fe(CO), react with cyclohepta-1,3,5-triene to give Structures 29- 


XIH and 29-XII, respectively. In Structure 29-XII there is one uncoordinated 
double bond. 
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(œ) () 


Figure 29-5 1wo extreme formal represen- 
tatlons of the bonding o£a œs-buta-I,3-diene 
group to a metal atom. Part (2) implies that 
there are two substantially independent mon- 
alkene-metal interactons, while (b) depicts G 
bonds to carbon atoms Ì and 4 coupled with 
an alkene-metal Interacton at carbon atoms 2 


cọc 


Mo(CO); Fe(CO); 
29-xXHI 29-XIHI 


Cyclooctatetraene with four essentially unconjugated double bonds can bind 
in several ways depending on the metal system. With PItCl];, it uses its l- and 
B-olefinic linkages, as in Structure 29-XIV, and with Fe(CO);, which has a 
predilection for binding 1,3-dialkenes, it is bound as in Structure 29-XV. 


ÿ cờ bi 5 jSs= CO 
| ŒƠl O CG 
29-XIV 29-XV 


Synihesis 


Alkene complexes are usually synthesized by the interaction of metal carbonyls, 
halides, or occasionally other complexes with the alkene. Some repr€sentative 


examples are: 


Mo(CO), +C;H, — _›Mo(CO),G,H; +3 CO (29-12.1) 
m6 CỐ 7a )(CH,),RhGl,Q (29122) 
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Some of the earliest studies were made with the Ag” ion and in solutions we have 
equilibria of the type: 


Ag”(aq) + alkene = [Ag alkene]? , (29-12.3) 


The interaction of hydrocarbons with Ag” 1lons sometines gives crystalline 
Precipitates that are useful for purification of the alkene. Thus cyclooctatetraene 
or bicyclo-2,5-heptadiene, when shaken with aqueous silver perchlorate (or n+- 
trat€), give white crystals of stoichiometry alkene-AgGlO, or 2 alkene:AgClO¿, 
depending on the conditions. Benzene also gives crystalline complexes with 
AgNO;, AgCIO,, or AgBE¿. In [CeHa'Ag]”C1O¿ the metal ion is asymmetrically lo- 
cated with respect to the ring. 


Notation and Electron Counling in Alkene 
and Relaled Complexes 


In additon to alkene complexes, there are more complicated systems (such as 
the allyls to be discussed in Section 29-16) in which delocalized 7 electrons are 
bound to metals. Some systematic notation is required to designate the number 
O£ carbon atoms that are bound to the metal. This is done by use of the term 
hapio (from the Greek, to fasten). Prefixes designate the number of carbon 
atoms that are fastened to the metal: /?ajto, tetrahapio-, bentahapfo, and so on. 
An equivalent designation uses the Greek T\, with superscripts: TÌ, T', nỗ, and so 
on. Structures 29-XVI, 29-XVII, and 29-XVIII in Fig. 29-6 should help to make 
clear the use o£ the notation. 


Eleciron Counfing Rules œs Applied †o Alkene Complexes 


We take the convention as stated previously that each double bond in a neutral 
alkene is a two-electron donor. The following cases are representative. 


[PtCl;C;H,]Ƒ, Fig. 29-3(a): 


PtqI) 8 electrons 
ŒI 2x3= 6electrons 
CH¿ 2x1l= 2electrons 


Total = 16 electrons 


Fe(CO);(C;H¿), Structure 29-X: 


ke 8 electrons 
Norbornadiene 2x2= 4electrons 
CO 2x3= 6electrons 


'Total = 18 electrons 
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Ni(cyclododecatriene), Structure 29-XI: 


Ni 10 electrons 
Cyclododecatriene 2x3= 6electrons 


Total = 16 electrons 


Mo(CO); (x”-cyclohepta-1,3,5-triene)), 
Structure 29-XI]: 


Mo 6 electrons 
TỊ-C;H§; 2x3= 6electrons 
CO 2x3= 6electrons 


'Fotal = 18 electrons 


Fe(CO);(m“-cyclohepta-1,3,5-triene), 
Structure 29-XIH]: 


Fe 8 electrons 
TỊ“-C;Hạ 2x2= Á4electrons 
CO 2x3= 6electrons 


'Total = I8 electrons 


Ru(CO); ` 1-4-7zahapio, 1,3,5-yclooctatrienetricarbonylruthenium 
29-XVI 
O 
/ZN j 
< Fe - À (Pzntahapiocyclopentadienyl) (1-3-irihapfocycloheptatrienyl) carbonyliron 
29-XVII 


lạ O 
ọ 


29-XVII 


(n-O;H;)z(n -C;H;);Tï 


Figure 29-6  Illustrations of the ö2Ø/o notation. Structure 29-XVI contains an TỊ” igand. 
Structure 29-XVII contains both an n and an TỊ ligand. Structure 29-XVIH contains two TỊ” 
and two TỊ` cyclopentadienyl ligands. 
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Other z-Donor Ligands; Delocdlized Carbocyclic Groups 


In 1951 a compound with the formula (C;H;);Fe was reported and was subse- 
quently shown to have a unique “sandwich” Structure (29-XIX) in which the 
metal lies between two planar cyclopentadienyl rings. Many T\"-C;H; compounds 
are now known. Some have only one TỊ”-C;H; ring, as in Structure 29-XX, while 
others have two rings but with these at an angle as in Structure 29-XXI. 


Other symmetric ring systems now known to form complexes are ©s(C¿H;), 
C.H¿, CaH¿, C;H;, and C;H;. There 1s a formalism of describing these ring sys 
tems as 1ƒ they assume the charge required to achieve an aromatic electron con- 
ñguration. The “magic numbers” for aromaticity are 2, 6, and 10 so that these 
carbocycles can be written as 


10e- 


The charges may be used in assigning formal oxidation numbers to the metal 
atoms in the complexes. Thus (T|”-C;H;) „Fe can be regarded as formed from two 
cyclopentadienide ions, C;H;, and Fe”", so that`'the compound contains Fe1, In 
the benzene compound C¿H¿Cr(CO)s chromium has the formal oxidation state 
0 asin Cr(CO)s, 

Examples of carbocyclic complexes are Structures 29-XXII to 29-XXV. 


À 2 
Â ": ƒ =- 
5 H; 

Mo” 


29X*H 29-XXHI 29-XXIV 29-XXV 
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Cyclopenitodienyls 


Cyclopentadiene is a weak acid (pK, ~ 20) and with strong bases forms the cy- 
clopentadienide ion C;H;. The general method for synthesizing metal com- 
plexes is the reaction of this ion with a metal halide or other complex, for 
example, 


THE E= 
Gì 7C (HN  +1H, (main reacion)  (99-14.1) 
2GIEg.-Nfflg— “ —›(n'-C,H,),Ni+9/G17 (99-14.3) 


Two other methods are (a) the use of C;H T1, whịch is insoluble in water, 
stable, and easily stored: 


Cũnh (HƠI TC 2 ›C,H,TIs)+ H,O (29-14.3) 


FẾCI, +2“TIC,H; —"““—›2 TICI+(n”-C,H, ),Ee (29-14.4) 


and (b), the use of a strong organic base as a protOn acC€ptOr, 


20H TU T2(CQH,)NH— 


amine 
(n”-C,H,),Co+9(C,H,)„NH,Cl (29-14.5) 


Since the C;H; anion acts as a uninegative ligand, the dicyclopentadienyl com- 
pounds are of the type (n”-C;H;)2MX%„ ›, where the oxidation state of the metal 
(M) is mand X is a uninegative ion. When ø= 2 we obtain neutral molecules like 
(n°-C;H,)„Fe", When ø = 3, we may obtain a cation like [(n”-C;H;)„Co'"]* or, 
when ø = 4, a halide like (n"-C;H;)zTYŸCh;. Some typical T7 -cyclopentadienyl 
compounds are given in Table 29-2. The C—C distance and bond order in TỊ” 
G;H; rings are similar to those in benzene. Aromatic-like reactions can be car- 
ried out for two compounds, (n”-C;H;);Fe, which has been given the trivial 
name /?rrocene, and (T\”-C;H„)Mn(CO); or owaørene. These compounds will sur- 
vive the reaction conditions, but other r\"-C;H; compounds are decomposed. 
Typical reactions are Friedel-Crafts acylaton, metalaton by bugyllithium, sul- 
fonation, and so on. Indeed, there ¡is an extensive “organic chemistry” of these 
molecules. 

The bonding in n”-C;H; complexes is well described by an MÔ approach in- 
volving overlap of metal đorbitals (principally the đ,>. đ,,and đ„ orbitals) with var- 
ious ø molecular orbitals of the cyclopentadienyl rings. For instance, If the z axIs 
passes through the ring centers and the metal atom, then a bonding molecular 
orbital of each cyclopentadienyl ring overlaps well with the corresponding lobe o£ 
the đ„» orbital. In this fashion, bonding between the central metal atom and the 
%-cloud” of each cyclopentadienyl ring is established. 

In the compounds with only one T\-C;H; ring, the lobes of the đ orbitals not 
involved in bonding to the ring can overlap with suitable orbitals in other han 
such as CO, NO, and R;P. Observe that only in the neutral compounds and (n”- 
C;H;);„M? are the rings parallel; in other compounds, such as Structure 29-XXI, 
the rings are at an angle. 
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Table 29-2 Some Diri-cyclopentadienyl Metal Compounds? 


Appearance; Unpaired 
Compound mp (“C) Electrons Other Properties 
(n”-C;H,);Fe Orange 0 Oxidized by Ag”(aq) or dilute 
crystals; J74 HNO; to blue 
cation T|”-Cp„Fe*. Stable 
thermally to >500 °C 
(ffC:Hs) ;Cr Scarlet 2 Very air sensitive 
crystals; 173 
(n”-C;H;);Co† Yellow ion and 0 EForms numerous salts and 
Salts a stable strong base 
(absorbs CO; from 
air); thermally stable to 
~400 °C 
(I-C:H,})„HGIs Bright red 0 C¿ÖH;L1 gives : 
crystals; 230 TỊ”-Cp; Ti(C¿H;);; reducible 
to TỊ-Cp; TICl 
(n°-C;H;)¿WH, Yellow 0 Moderately stable in air, 


crystals; 163 


soluble in benzene, and so 
on; soluble in acids 
giving T\”-CpaWH§ ion 


“Cp = C;H;. Note that many substituted đerivatives are known and that pentamethylcyclopentadi- 
enyls (*Cp) have been especially well studied. Their properties sornetimes differ from those of Cp 
analogs. For example, Cp;Mn is high spin when dilute, whereas *Cp;Mn is low spin. 


Benzenoid-Metdal Complexes 


Of other carbocycles, those containing benzene and substituted benzenes are the 
mmost important. Curiously, the first (\°-CzH¿)M compounds were prepared as long 
ago as 1919, but their true identities were recognized only in 1954. A series of 
chromium compounds was obtained by E. Hein in 1919 from the reaction of CrCl; 
with C¿H;MgBr; these compounds were formulated as “bolyphenylchromium” 
compounds, namely, (C¿H,)„Cr”*, where œ = 9,3, or 4. They actually contain 
“sandwich”-bonded C¿H; and C¿ÖH;—C¿H; groups as, for example, in Structure 
29-XXVI. 


29-XXVI 


29-XXVI 


The prototype neutral compound, đjbønzenechromium, (CzH¿)„Cr (Structure 
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29-XXXVII), has also been obtained from the Grignard reaction of CrCl;. A more 
cffective method, discovered by E. O. Fischer, is the direct interaction of an aro- 
matic hydrocarbon and a metal halide in the presence of Al powder as a reduc- 
¡ng agent and halogen acceptor, plus AlCI; as a Friedel-Craftstype activator. 
Although the neutral specles are formed directly in the case of chromium, the 
usual procedure is to hydrolyze the reaction mixture with dilute acid to give the 
cations (CaH,)„Cr*, (mesitylene)„Ru”*, and so on. These cations may then be re- 
duced to the neutral molecules. 

Dibenzenechromium, which forms dark brown crystals, is mụch more sensi- 
tive to aIr than 1s ferrocene, with which it is isoelectronIc; ¡t does not survive the 
reaction conditions of aromatic substitution. As with the TỊ”-C;H; compounds, 
complexes with only one arene ring can be prepared: 


O,H,CH, +Mo(CO), —'°'1%_.n9.C.H,CH,Mo(CO),+3CO (2914.6) 
C;H¿ +Mn(CO), CI+ AICI, ——>[n)-C¿H¿Mn(CO);]*[AICI,]Ƒ (29-14.7) 


The cyclooctatetraenyl ion (CzHÃ") forms similar sandwich compounds with 
actinides, for example, (n]Ÿ-CaH;)zU'Y (Structure 29-XXV). It appears that ƒor- 
bitals are involved in the bonding here. 


29-15 Alkyne Complexes 


In alkynes there are /ø £ bonds at 90° to each other and both can be bound to 
a metal as in Structure 29-XXVIII. The Co atoms and the alkyne carbon atoms 
form a distorted tetrahedron, and the CạH; (or other groups) on the alkyne are 
bent away as shown. 


G. sac 
C05. 
Hộ .—. HÒNN 
Co C O 
;. d 
“. 
6) @ 
29-XXVII 


There are also complexes where the alkyne is coordinated to onlÌy one metal 
atom and serves simply as the equivalent of an alkene or carbon monoxide li 
gand. Thus we have the reactions: 
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é Sẽ RC ÓC đà where R = CH; or CạH; 


CR 
Mn(GO); (OC);Mn---/ 
G 
R (29-15.1) 
Cứ-Bu 
G. C1 `. 
` `... .G (ba 
PtCI? + BuCSC £Bu—— Da + 3 tr Ẫ (29-15.2) 
No C1 CI 
í-Bu 


A third way of bonding, notably in Pt, Pd, and Ir complexes, is that shown in 
Fig. 29-7. In these the C——C stretching frequency is lowered considerably, to the 
range 1750-1770 cm”, indicative of a C—C double bond. The C—C bond 
length of 1.32 Ả is consistent with this view, as 1s the large distortion from lin- 
€aTItY. 

Finally, many important reactions o£alkynes, especially with metal carbonyls, 
involve incorporation of the alkynes into rings, thus producing species with new 
organic ligands bound to the metals. Some examples are the following: 


ĐO 
G€S 
Fe 
CO 2GH.-——=2 20-15.3 
Fe(CO); + 2 C,H, +⁄ l s. ( ) 
Fe(CO); 
(n”-C;H,)Co(CO); + 2 R;C; (R = CH;or CE)—> g Xi R (29-15.4) 
8 O 
R 
R 
HạC CH¡- 
Fe(CO); + 2 G.(CH,),- ”› Ø O (29-15.5) 
TC CH;, 


Fe(CO); 


29-16 Allyl Complexes 


The unsaturated, bent, three-carbon allylic group can be bound to a metal atom 
1n either oỂ two ways, as shown in Reaction 29-16.1. The ñirst is as a trihapto (or 


29-16 Allyl Complexes 


. 
Ph,P ^ 
= `. 1A0 
 c ln 
EúPE SỐ 
Ph 


Figure 29-7 Thc struc- 
ture of (Ph;P)„Pt(PhC.Ph), 
in which diphenylacetylene 
1s most simply formulated 
as a divalent, bidentate lig- 
and. 
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T-allyl) radical, which serves as a three-electron 7 donor to the metal. Á repre- 
sentative example is shown in Eig. 29-8, where it can be seen that the plane of the 
allyl carbon atoms neither coincides with, nor is perpendicular to, the central 
Pd(u-C]l);Pd plane. The second type of metal allyl is the z=onohagfo, or Ø-allyl, 
which, as shown in Reacton 29-16.], is often in equilibrium with the 7rallyl. 


Monohapto allyls are best considered to be a special type of alkyl ligand. 


Figure 29-8  Structure of the allylpalladium(I) chloride dimer: (2) ˆ 
side view and () top view. [Reprinted by permission from W, E. 
Oberhansli and L. F. Dahl, j. Organom¿f. Chzm., 1965, 3, 43. ] 
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Ñ; 
CR (ÊP——- 
K.— : Z“ CR 
RCế.¡ —. J 
- CR; (29-16.1) 
| CR; 
M 
Zr- or r3 - allyl ơ- or rị! - allyl 


Allyl complexes may be obtained from allyl Grignard reagents or from allyl 
chloride as in the reactions: 


NiCI, + 2 C;H,MgBr ——> Ni +2MgX, - (2916.9) 
Na† I, 1n = 
Mo(CO); 


Mo(GO), BẾP (29-16.3) 
H,C lôi C TY 

\ lộ) 

CH=CH, 


They can also be obtained by protonation of butadiene complexes, for example, 


ket Z2 *⁄ MS, 


| + HGI— 
„P OC——Fe——CI (29-16.4) 


Fe(CO); cŨ s 


Allyl complexes play an important role in many catalytic reactions, particularly 
those involving conjugated alkenes. 


29-17 Carbene and Alkylidene Complexes 


Although carbenes (:CR;) are short lived in the free state, many organic reac- 
tions procecd by way of carbene intermediates. An Increasing number of com- 
pounds are known in which carbenes are “stabilized” by binding to a transition 
metal. A carbene could be regarded as a two-electron donor comparable to CO, 
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since there is a lone pair of electrons present on what is formally a divalent car- 
bon atom. This view is depicted in Structure 29-XXIX. An alternative view ¡s that 
there 1s a metal-to-carbon double bond (similar to a C=C double bond), as in 
Structure 29-X%X. 


M<——:CR; M—=CR: 


29xXXIX 29XXX 


Indeed there is evidence to support both formail types of bonding, since there 
©xist two main classes of carbene complexes: one where the metal Is In a formally 
low oxidation state (Structure 29-XXIX), the other where the metal is in a high 
oxidation state (Structure 29-XX%X). The compounds with metals in low oxida- 
tion states are properly called carbene complexes, and they are sometimes re- 
ferred to as EFischer-type complexes after their discoverer, E. Q. Fischer. General 
methods of synthesis involve attack of nucleophilic reagents on coordinated CÔ 
or RNG, followed by an electrophilic attack, as shown In the two steps of Reaction 
29-17.1. 


“ha ,OR 
ˆO+ 
Cr(CO); + LiR = Li! (OG);CrCC CÔ , (OO),CrC. (29-17.1) 


R R 


Carbene complexes can also be formed by cleavage of a C=O double bond in 
certain electron-rich alkenes, as in Reaction 29-17.2. 


CH, CH, CHỊ, | 


N CC CI 
v "2 nh "¿6 S46 HE N, ( LinNg à< „ 
_ˆn “ÉP xà xyene ? 7 


C1 P(CạH 
CạH, CH; (C2H2); CH, 


(29-17.9) 


Structural studies of chromium(0) compounds, such as those shown ïn 
Structures 29-XXXI and 29-XXXÍII: 


ˆ OMe 3 NMe; 
m (CC nriajiGn”"=C.„ (OG,Gr->'90)G Ẫ 
Me Me 
29XXXxI 29-xXXII 


show that the M—CXY skeleton is always planar, while the M—C distances indi- 
cate some đ#—øt bonding to the carbene carbon, as in the bonding o£ Tr-acid li- 
gands such as CO. 


ó9ó 


Chopter29 / ˆ Organomeidllic Compounds 


Complexes of the second type, where the metal is in a high oxidation state 
(i.e., Structure 29-XXX), are properly termed alkylidene complexes. They are 
sometines also called Schrock-type complexes, after their discoverer, R. R. 
Schrock. These are commonly obtained by deprotonation reactions of alkyl 
groups, as in Reacton 29-17.3. 


PhạC+BF 


(n-C;H;);Ia(CH;); ——”——”> (mỶ-C;H;) sla(CH;); 
|xsocm, 
CH; (29-17.3) 
(n-C;H;) c 
Š 
CH¡; 


The tantalum(V) product o£ Reaction 29-17.3 provides a unique comparison of 
a metal-to-carbon single bond (2.246 A) and a metakto-carbon double bond 
(2.026 Ả). 

Alkylidene complexes are known to be intermedliates In a number of organic 
reactions that are catalyzed by transitlon metal complexes, especially the alkene 
metathesis reaction. This involves exchange of groups on an alkene, as shown 
generally in Reaction 29-1 7.4. 


RCH=CH, 
RCH CH, 
- am (29-17.4) 
RCHS=CH; 1... 


Alkene metathesis is catalyzed by Mo, W, and Re oxohalides in the presence of 
an alkylating agent, and is considered to proceed by way of the sequence shown 
in Reaction 29-17.5, 


B 
AC Ẳ E ĐA M AB n 
“=1... x.. kẽ 29-17.5 
⁄ D F C F 8 * À 29- .D) 
B 
DE C D Eedếr 


where there is a metallacyclic intermediate. 


The decomposition of certain metal alkyl compounds can also gIve alkyli- 
dene complexes by œ-hydrogen transfer, as in Reaction 29-17.6. 


ni 
M—-CH;——> M—=CH, (29-17.6) 
The chemical reactivities of carbene and alkylidene complexes differ con- 


siderably. In carbene complexes the carbon bound to the metal is electrophilic, 
and it is readily attacked by nucleophiles as in Reaction 99-]'7.7, 
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CHẠO CH, 
ôm a+ _OCH; C 
(CO);Cr ——:C‹ ˆ =0: -l (29-17.7) 
- CH, ï 
mi ` 
C R 
N 
R 


By contrast, the carbon atom bound to the metal in alkylidenes is nucleophilic. 


29-18 Carbyne and Alkylidyne Complexes 


These have M—CR groupings, and, in the same way as carbenes, the metals fall 
into two classes: those in either high or low oxidation states. Carbyne compounds 
can be regarded as derived from the four-electron donor ©CR. The metal —C—R 
groups are usually linear or nearly so. Carbyne compounds can be obtained from 
carbene compounds, for example by Reaction 29-18.1. 


`. 
(CO)„(Me;:P)Cr sả 
Me 
(CO);(Me;P)XCr—CMe + CO + BX,OMe (29-18.1). 


li S) 
pentane 


Alkylidyne compounds of metals in high oxidation states can be formulated with 
MEC triple bonds. They can be obtained by deprotonation of alkylidenes as in 
Reaction 29-18.2. 


H 
se : 
(Me,CCH,);TaYï=C, - CHẾ Lá[ (Me,CCH,);T3ïS£GCMe¿]/+ G/Hụ 


CMe; (29-18.2) 


Some remarkable compounds have been made that have single, double, and 
triple MC bonds, for example, the tungsten(VI) complex shown in Structure 


29-XXXIIH. 
¬h 
(CH;),ÿ dat 
⁄ 
(CH)),OCH,—W 


lê 
(t 
(CH;);P . 


29-xXXXII 
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The analogy between alkynes (RC=SECR) and alkyHdynes (LM=CR) sug- 
gested to E. G. A. Stone that similar behavior towards other transition metal com- 
plexes could be expected. This concept has led to a wide variety of metal cluster 
compounds of the type shown in Structure 29-XXXTV. 


29-XXXIV 


The latter can be compared with the alkyne complex shown in Structure 
29-XXVII, which has a Co¿C; core. The alkylidyne-derived complexes 
(Structure 29-XXXIV) have M;C cores. 


STUDY GUIDE 


Scope and Purpose 


Thịs chapter is an Indispensable prerequisite to the study of Chapter 30. It is also 
a natural continuation o£ topics covered in earlier chapters. 

Although organometallic chemistry is a subarea of both inorganic and or- 
ganic chemistry, ¡t is sụch a large field that it could be considered a full-fledged 
branch of chemistry in itself. It draws on both inorganic and organic chemistry; 
yet, the whole is greater than the sum of the parts. 

We have covered in this one chapter only some of the salient points. Familiar 
as well as new and novel types Of structures are encountered, and sorme new con- 
cepts of bonding, structure, and the like are presented. Each type of structure 
and each class of substance deserves careful study. 

We have somewhat relaxed the normal expectation concerning the need for 
full, completely balanced chemical equations. This is done in some cases for clar- 


1ty, and in other cases because the nature of all the produets is not clearly estab- 
lished. 


STUDY QUESTIONS 


mm... .a...41 ` _.___ 5...5 
A. Review 


1. Give a defnition o£an organometallic compound. 


2. What are the three broad classes of organometallic compounds? Ơite an example of 
cach. 


3. Describe at least three important general methods for preparing organometallic 
compounds. 


4. What is the most characteristic structural feature o£ lithium alkyls? 


5. Why are the tetramethylethylenediamine complexes of the lithium alkyls more reac- 
tive than the alkyls themselves? 
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6. 


V2 


19. 


20. 


21. 


22. 


23. 


24. 
25. 


What 1s a formula for a Grignard reagent and how are Grignard reagents prepared? 
What is the other general type of organomagnesium compound? 

What sorts of species are believed actually to exist, in equilibrium, in a Grignard 
reagent in diethyl ether solutlon? 

Give an example of a metal Interchange reaction involving an organomercury com- 
pound. 

Indicate with sketches the structures of the following: 

LICH; MgCẴH;Br[O(G,H;);]; Hg(CH;); AI(CH;); (CH;);SnF 


‹- Write an equation 1lÌustrating each of the terms: hydroboration reaction, merCura- 


tion, and oxymercuration. 


.- How would you prepare each of the following: NaB(G¿H;)¿ (from BCI;); cyclopropyl 


mercury bromide (from mercury); diethylzinc (from zinc); trimethylaluminum 
(from aluminum)? 


._ What are siloxanes? Silicones? How are they made? 
„-_ What is an alkylidenetriphenylphosphorane (Wittig reagent)? How are they made 


and what are they used for? 


._ Why ¡s Ti(bpy) (CH;)¿ much more thermally stable than Ti(CH;)¿? 
.‹_Explain mechanistically why transition metal alkyls that have a B-hydrogen atom are 


usually unstable, whereas analogous compounds in which the alkyls do not have -hy- 
drogen atoms generally are stable. 


.‹ _Besides -hydrogen transfer, what is another important mode of decompositon of 


some metal alkyls? 


._ Describe the structure of the anion [PtCl;C;H,]T, in Zeise”s salt, emphasizing the sig- 


nifñicant features on which an understanding of the metal-alkene bonding must be 
based. 

Show with drawings the two important types of orbital overlap that explain the 
metal-alkene bonding in [PtC1;CaH¿]”. 

Show with drawings the expected structures of the following cyclooctatetraene (cot) 
complexes: (cot) Cr(CO);, (cot)Fe(CO)s, (cot) PtG];. 

Give the formal names for the following: 


é) : 
⁄ˆ ` 
©o,.—‹_ HẸC ấn 
==.? Ru(CO); 


Write equations for a two-step preparation of (n”-C;H;)„Ni from €;H¿, Na, and 
NICI;. 

List the five symmetric ring systems that are known to form carbocyclic complexes of 
the type [(RC)„]ML,. 

Enumerate the differences between (a) carbenes and alkylidenes and (b) carbynes 
and alkylidynes. 

State two ways of obtaining r\-allyl complexes. 

Show how carbene complexes can be obtained from metal carbonyls. 


B. Addiiiondl Exercises 


1. Whatare mercurinium ions and what part do they pÌay in oxomercuration reactions? 


2. 


Describe the bonding in (a) dimethylberyllium, and (b) trimethylaluminum ïn terms 
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10. 


11. 


12. 
13. 
14. 


15. 
16. 
1, 


C. 
lỆ 


of multicenter bonds. 

Discuss the mechanism of the synthesis of alkenes from aldehydes or ketones by use 

of the Wittig reaction. 

Explain the following observatlons 

(a) Although the M—C force constants and presumably bond strengths are compa- 
rable, PbMe„ begins to decompose by radical formation at about 200 °“C, while 
TÌMe;¿ ¡is unstable above —80 °C. 

(b) Alkyl halides, R“X, react with phosphate esters, P(OR)s, to give dialkylphospho- 
nates, O—=P(OR);R/ and RX. 

(c) The compound (CH;);PBH; is trimeric and 1s extraordinarily stable and inert. 

(đ) At—75 °C the proton resonance spectrum o£ trimethylaluminum shows twO res- 
onances in the ratio 2:1, but at 25 °C only one peak at an average position is 
found. 


._ Consider the interaction of a hydrido specles LỰMH with hex-]-ene in benzene solu- 


tion at 25 °Œ, 
(a) Why and how are œs- and ứrzws-2-enes formed? 
(b) IfL„MD was used, where would the deuterium finish up? 


._ Assuming H transfer from CHỊ; to metal is a plausible first step in đecomposition of 


a methyl compound, write a mechanism for decomposition of Ti(CHs)¿ in alkane so- 
lution. 


- The interaction of Na;Fe(CO)„ with (CH;)¿NCH;I gives the carbene complex 


(CO)„FeCHN(CH;);. Write a plausible reaction sequence. 


._ The interaction of (n”-C;H;)zCo? salts with sodium borohydride as H” source ØIves a 


red diamagnetic hydrocarbon-soluble product, C;¿H,¡Co, whose NMR spectrum is 
quite complex. The interaction of (n”-C;H;);Co with CHạI gives (n”-C;H;)„ColI and 
€¡¡H¡;Co. Explain these reactions. 


- Compare the bonding of €;H¿ and O; in the compounds (Ph;P)¿Pt(O;) and 


(Ph;P);Pt(C2H,). 

Compare the bond distances in Structures 29-XXXI and 29-XXXI with the sum of 
the appropriate single-bond covalent radii to determine the extent of z bonding to 
cach of the three substituents of these carbene ligands. Draw pictures representing 
the 7-bond network about a planar carbene carbon. 


Apply the 18-electron formalism to the reactant and product of Reaction 29-16.4, and 
gIve the #z//o notation that is appropriate for each organic ligand. 


Apply the 18-electron formalism to each of the fñive compounds found in Table 29-9. 
Draw the structure of each of the substances found in Reactions 99-19.1 and 99-19.9. 


Explain why the cyclohepta-1,3,5-triene ligand is hexahapfo towards the Cr(CO); frag- 
ment but only /zfrahajfo towards the Fe(CO); fragment. 


Would you expect Zeise's salt to add other ligands readily? Explain. 
Why are there two different Al—C bond lengthsin Al;(CH;)s; ? 
Suggest a synthesis for: 


(a) Na[B(G;H;)„] (b) LI[AI(C;:H;)„] (c) C;H;MgBr (600116515 ÌỆ 


Quesfions from the Lileroture of Inorgonic Chemistry 


Consider the two alkene complexes of iron(0) as reported by M. V. R. Strainer and J. 
Takats, mơrg. Chzm., 1982, 21, 4044-4049. 


(a) Of the two ligands def and dem, which is the stronger 7t acceptor? Support your 
conclusion with data from the article. 
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(b) Apply the 18-electron formalism to the tile compounds. 

(c)  Why do alkenes prefer the equatorial position in fñve-coordinate complexes such 
as these? 

(d) Arrange the ligands CO, dem, def, and PPh; in order of acidity as found in 
these five-coordinate complexes. Justify your order based on data found in this 
article. 

2. Consider the alkyne complexes of tantalum reported by G. Smith, R. R. Schrock, M. 

R. Churchill, and W. J. Youngs, Imơrg. Chem., 1981, 20, 387—393. 

(a) Write balanced chemical equations for the preparations of the four alkyne com- 
plexes reported here. 

(b) Apply the 18-electron formalism to the two complexes Ta(n”-C;Me;) (cy- 
clooctene) (C]); and Ta(n”-C;Me;) (PhC=CPh) (Cl);. 

(c) Why do you suppose the two-electron donor alkenes are readily replaced by the 
four-electron donor alkynes in these Ta compounds? 

3. Consider the nị”-alkyne ligands found in the report by E. W. B. Einstein, K. G. Tyers, 

and D. Sutton, rganormwealiics, 1985, 4, 489—493. 

(a) Apply the 18-electron formalism to Compounds Iz and 1 of this paper. 

(b) Enumerate the differences between this diphenylacetylene ligand and the one 
featured in the article of Question 2 above. What accounts for the differences be- 
tween a four-electron donor alkyne and a two-electron donor alkyne ligand? 

4. Consider the alkyl-alkenyl-alkynylboranes of H. C. Brown, D. Basavaiah, and N. G. 

Bhat, Organometaii¿cs, 1983, 2, 1468—1470. 

(a) Write a balanced chemical equation for each step in the synthesis of Compound 
4a, starting with Compound 34a, ethylbromoborane: S(CHạ);. 

(b) Describe each step in (a) as either hydroboration, methanolysis, nucleophilic 
displacement, or adduct formation. 
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-_ Ghabter 30 


STOICHIOMETRIC AND 
CATALYTIC REACTIONS 
OF ORGANOMETALHIC 
COMPOUNDS 


The production of most bulk organic chemicals, including gasoline and fuel oils, 
ultimately rests on the abundance of oil, natural gas, and coal. Most of the 
processes used to convert these raw materials into useful products depend on 
catalytic reactons involving transition metals. Heterogeneous processes where 
one or more metals (with other additives) are supported on zeolites, alumina, sil- 
ica, or graphite are most commonly used. This is especially true where vast quan- 
tỉties of materials are involved, as in the processing and reforming of petroleums. 
Heterogeneous catalysis has the advantage that the catalyst can often operate at 
high temperatures and that the catalyst is readily separated from feed stock and 
products. There are also some disadvantages, such as mass transfer problems in 
solids, limited variability, lack of high selectivity, and the fact that only a small 
part of the metal content may be in “active sites.” Homogeneous catalysis in SO- 
lution has advantages in that high activities are possible and alteration of elec- 
tronic and steric factors through ligand substitution may allow for design of high 
selectivity. The disadvantages of homogeneous catalysis are that such systems are 
commonly decomposed at high temperatures, and most important, that there 
can be serious problems in separating feedstocks, products, and catalysts. 
Nevertheless, a number of important commercial homogeneous catalytic 
processes are in use. Among the most important are the hydroformylation of 
alkenes, the Monsanto acetic acid process, and the Wacker process for making 
acetaldehyde from ethylene. Homogeneous reactions can also provide a greater 
insight into the mechanisms o£ catalyzed reactions since they are more amenable 
to study, especially by spectroscopic methods. 

Before we discuss specific catalytic reactions, we must consider a number of 
stoichiometric ones that are important Íor themselves, as well as for their rele- 
vance to catalysis. Although the principles discussed in this chapter have some 
applicability to heterogeneous catalysis, we shalÏ not discuss these prOCesse€s. 


STOICHIOMETRIC REACTIONS 
30-1 Coordindiive Unsdturơftion 


Tf two substances A and B are to react at the central metal of a complex in solu- 
tion, then there must be vacant sites for thelr coordination to the metal. In het- 
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erogeneous reactions, the surface atoms O£ mnetals and mmetal oxides, halides, and 
SO On, are necessarily coordinatively unsaturated. In solution, even 1ntrinsically 
coordinatively unsaturated complexes, such as square planar đ systems, are sol- 
vated, and coordinated solvent molecules will have to be replaced by reacũng 
molecules, as in Reaction 30-1.]1. 


Solvent 
A 
L „La TT „La 
M_  +TA+B—> M_ +2Solvyvent (30-1.1) 
Lnn Tế 
5olvent 


In five- or six-coordinated metal complexes, coordination sites must be made 
avallable, either by thermal or photochemical dissociatlon of one or more li- 
gands. For example, up to two phosphine ligands can be dissociated in the Rh 
complex of Reaction 30-1.2, allowing the Rh complex to be useful as a catalyst at 
25 °C. The iridium analog, namely, IrH(CO) (PPh;);, 1s not useful as a catalyst 
unless the dissociation of li-gands (a slow process at 25 °C) is induced by heat or 
DV light. 


-PPh —PPh 
RhH(CO)(PPh,);==>RhH(CO)(PPh,); => RhH(CO)(PPh, (30-1.9) 
+PPha +PPhạ 


The ready substitution of ligands that is necessary for catalytic activity may 
also be prompted by a change of oxidation state at the metal, as in the oxidative 
addition reactions discussed in Section 30-2. 


Metdl Atoms œs Cenilers of Acid-Bose Behovior in 
Complexes 


Protondtion and Lewis Bœse Behovior of Metols 


In electronrich complexes, the metal may have substantial electron density lo- 
cated on it and, consequently, may be attacked by protons or other electrophilic 
reagents. An example is the bis(cyclopentadienyl)rhenium hydride, which may 
be protonated as in Reaction 30-9.1, 


(n-C;H;);HRe + H* —— (n-C,H,)„H,Re† (30-2.1) 


having a pK, comparable to that of ammonia. Many carbonyl, phosphine, or 


phosphite complexes may be similarly protonated. Some examples are Reactions 
30-2.2 to 30-2.5. 


Fe(CO); + H* —— FeH(CO)‡ (30-2.2) 
Ni[P(OE0;]¿ + H* —> NiH[P(OEt);]‡ (30-9.3) 
Ru(CO);(PPh,); + H* —— [RuH(CO);(PPh,)„]* (30-9.4) 


Os;(CO)¡; + H' — [HOs¿(CO)¿„]* (30-2.5) 
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The protonation of carbonylate anions (Section 28-9) may similarly be regarded 
as addition of H” to an electron-rich metal center, as in Reaction 30-2.6. 


Mn(CO)š + H* —> HMn(CO), (30-2.6) 


The Oxiddlive Addition Redction 


Coordinatively unsaturated compounds, whether transition metal or not, can 
generally add neutral or anionic nucleopbiles. Such reactions are simple addi- 
tions. Two examples are given in Reactions 30-2.7 and 30-2.8. 


PF;,+F~ —> PFg (30-2.7) 
TC 2 OPCI, == T¡CL,(OPCGI,); (30-2.8) 


Coordinatively unsaturated complexes may still readily add nucleophiles even 
when the metal is formally electron-rich. Consider Reactions 30-2.9 and 30-2.10. 


trans-IrCI(CO) (PPhạ)„ + CO —— IrClI(CO);(PPh;), — (302.9) 
[PdGI]?” + Cï —= [PdGCI,I2- (30-2.10) 


A special circumstance arises when addition of a ligand is accompanied by oxi- 
dation of the metal. The oxidative addition reaction may be written generally as 
in Eq. 30-2.11. 


L.M+ XY—> L„(X)(Y)M (30-2.11) 


It is a reaction in which the formal oxidation state of the metal increases by two. 
Also, the formal oxidation state of the group XY is reduced upon additon, often 
with cleavage of an intraligand bond. 

For an oxidative addition reaction to proceed, we must have (a) nonbond- 
ing electron density on the metal, (b) two vacant coordination sites on the re- 
acting complex L„M (in order to allow formation oÊ two new bonds to X and Y), 
and (c) a metal with stable oxidation states separated by two units. 

Many reactions of even nonmetal compounds may be regarded as oxidative 
additions. Consider, for example, oxidative addition reactions of the halogens 
represented in Reactions 30-2.12 to 30-2.14. 


PB l6, (30-2.13) 
SiGlSE Glae=< snel, (30-2.14) 


Formally, at least, we consider that the zero-valent halogens have oxidized the 
central atoms in these reactions, and that they are coordinated in the products 
as halide (X) groups. For transidon metals, the most common oxidative addi- 
tion reactions involve complexes of the metals with đŸ and đ'” electron configu- 
rations, notably Fe9, Ru?, Os?; Rh!, Ir”; Ni?, Pd?°, Pi? and Pd” and Pt”. An espe- 
cially wellstudied complex is the square-planar z»s-IrCl(CO) (PPh;);, which 
undergoes reactons such as Reaction 30-2. 15. 
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trans-Ir'Cl(CO)(PPhạ); + HƠI — IrUHCI;(CO)(PPh;); (30-2.15) 


It should be noted that in oxidative additions of molecules such as Hạ, HOI, 
or Clạ, two new bonds to the metal are formed, and the X—Y bond 1s broken. 
However, molecules that contain multiple bonds may be added oxidatively to a 
metal complex without cleavage. In such cases, threemembered rings are 
formed with the metal. Reactions 30-2.16 and 30-2.17 are two examples. 


PPh, 
Gj HH, Cl.. đi 
Trí +Ó = `Irí (30-2.16) 
TỤ2 2  nẾ ai! | ö 
PPh, 
"4 CE 
3 
EhòN&: ;C? 
Pt(PPh,), + (CF,),CO——> — PC | +9PPh, (309.17) 
PhP “ Ó 


The latter reaction also provides an example of the situation where the most sta- 
ble coordination number in the oxidized state would be exceeded, so that ex- 
pulsion of ligands (in this case two PPh;) attends the process. 

In Table 30-1 we list the types of molecules that are known to add oxidatively 
to a complex 1n at least one instance. 

Oxidative addition reactions can be regarded as equilibria of the type shown 
in Reaction 30-2.18. 


L„M”"+ XV—L„M*'®XY (30-2.18) 


Whether the equilibrium lies on the reduced-metal or the oxidized-metal side 
depends very critically on (a) the nature of the metal and its ligands, (b) the na- 
ture of the addend XYand of the M——X and M——Y bonds so formed, and(c) the 
medium in which the reaction is conducted. When the molecule XY adds with- 
out severance of X from Y, the two new bonds to the metal are n€cessarlly In cis 
positons. When X and Yare separated by addition to the metal, the product may 
be one of several isomers with cis or trans MX and MY Ø8rOUps, as shown 1n 
Reaction 30-2.19. 


ID lu 
5:10 + XY 
L; Lạ 
| (30-2.19) 
X X 
Dị, .. Lụ, | Vài: SP PÌ\ Đá 
`M“ `MỸ and so on 
vi» “s“ix “le c 
TP ì.i, . Lm Bo. 
4 Lạ 


The final product will be the isomer or mixture of Isomers that is the most stable 
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Table 30-ÌÏ  Some Substances that Can Be Added 
to Complexes in Oxidative-Addition Reactions 


Atoms Become Separated Atoms Remain Connected 
H; O; 
HX (X=CI, Br, I, CN, RCO;, ClO,) SO; 
H;S, C.H;SH CE;—=CE;, (CN)„¿C—=C(CN); 
RX RC=CR" 
RCOX R=CH;:, CạH;, CF;, and so on RNCS 
RSO,X RNCO 
R;SnX X=QlI, Br, I RN=C=NR' 
R;SIX RCON; 
CI;SiH R;C=C=O 
(CaeH;)PAuCl CS; 
HgX:, CH;HgX (X = QC], Br, I) (CF;) „CO, (CF;);CS, CFCN 


G;H; 


thermodynamically under the reaction conditions. The ligands, solvent, temper- 
ature, pressure, and the like, will have a decisive influence on this. Consequently, 
the nature of the fñnal product does not necessarily give a guide to the inidal 
product of the addidon, since isomerizaton of the imituial product may ocCur 
unđer the conditions o£ the addition. 


Mechœnisms of Oxiddtive Addifion Redcfions 


Studies indicate that the following types of pathways are possIble: 


1. A purely ?ønic mmecham¿sm 1s favored by a polar medium. In polar media, 
HCI or HBr would be dissociated, and protonation of a square complex would 
first produce a five-coordinate intermediate. 


MXL¿ + H*(solvated) => MHXLš (30-2.20) 


Intramolecular isomerization followed by coordination o£Xˆ would then give 
the fñinal product: 


MHXL‡ + CT (solvated) —> MHCIXL; (30-2.21) 


2. In an S2 attack of the type common in organic chemistry, the transi- 
tion metal complex attacks an alkyl halide, as in Reactions 30-2.22 and 30-2.23. 
: Rì R 
Z“ ` pIp2p3 r <0 ồ— 
LM: CRR“RX — LựM ì xX (30-2.29) 
R° 


| 


L.MX(CR'R?R?) ©—— [LẠM—CR'R?RỶ]” + X” (30-2.23) 
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3. Several oxidative addition reactions are ƒï rađ?ceain nature and can be 
initiated by free radical sources such as peroxides. 

4. Under nonpolar conditions, particularly with molecules that have litde 
or no polarity (such as hydrogen or oxygen) øwe sí4Ð, cocerfed ‡r0c¿sses g1VG 
products with the new bonds formed cis to one another as in Reaction 30-2.24. 


px Y CC) 
Q1) `.” 


L—lIr<CL ——> Ir (30-2.24) 


ØĐỒ l N 


Notice that the filled nonbonding đ orbitals of the metal in Reaction 30-2.24 
have the proper symmetry to populate (¡.e., reduce) the antibonding orbital of 
)eoo 


Consider the following observatIions: 


1. When solid #rzns-IrCI(CO) (PPh;); reacts with HCI(g), the product has H 
and CÏ in cis positions. 


2. The addition o£ HCI or HBr to Zzns-IrCl(CO) (PPh;);¿ in nonpolar sol- 
ven(s (such as benzene) also gives cisaddition products. If wet or polar 
solvents (such as DME) are used, the addition products are cis and trans 
mixtures. 


The concerted mechanism seems appropriate for the reactions in nonpolar 
media, and the ionic mmechanism in polar media. 

The fact that many of the đŸ complexes react with molecular hydrogen 
might seem surprising in light of the high energy (~ 450 k] mol”) of the H—H 
bond. The attack on the hydrogen molecule probably places electron density 
from the metal into the G-antibonding MO of dihydrogen, helping to weaken 
the H—H bond. Homolysis of the H—H bond results. This mechanism implies 
Imitial coordination of molecular hydrogen to the metal and indeed some com- 
plexes of this type are now characterized, for example, #rz»s-(R;P);(CO)„W(H;). 
[t has even been possible to detect the following series of St€Ds In Certain cases 
with the use of NMR: 


+H, „1 - 
LLM =——LUM... == LM (30-2.25) 


- H H 


An alternate mechanism, which operates in other cases, is heterolytic cleav- 
age of the H——H bond by base-promoted removal of H', as in Reaction 30-9.96. 


RuGl;(PPh;); + Hạ + EtạN —> RuHCI(PPh,)„ + EyNH*CL (30-9.96) 


Migrdtion of Atoms or ©roups from Metoil 
to Ligand: The Inseriion Redction 


“Tnsertion” is a broadly applicable description ofa reaction in which any atom OF 
ðTOUP 1S Inserted between two other atoms initially bound together. In the gen- 
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eral case, Reaction 30-3.1, the group YZ is Inserted into the M—X bond. Some 
reprcsentative examples are given in Reactions 30-3.2 to 30-3.6. 


J1)... T86 V0 (30-3.1) 
RzSnNR; + CO; ——> RzSnOC(O)NR¿, (30-3.2) 
Ti(NR¿)¿ + 4 C§¿——> Ti(S2ONR,)„ (30-3.3) 
R;PbR' + SO,—— R„PbOS(O)R? (30-3.4) 
[(NH,),RhH]?? + O¿—— [(NH;),RhO,H]?+ (30-3.5) 
(CO);MnCH; + CO —> (CO),MnCOCH; (30-3.6) 


For transition metals, detailed studies have been made on the insertion of CO 
and SO; into metal to carbon bonds. Insertions of CO; into M—H and M—O 
bonds are also known. We shall consider only insertions of CO into M—C bonds. 

Mechanistic studies using !*“CO-labeled CHạMn(CO); have shown that (a) 
the CO molecule that becomes the acyl ligand ¡is øø derived from the external 
CO, but from one that was already coordinated to the metal atom; that (b) the 
incoming CO is added cis to the acyÌ group, as in Reaction 30-3.7, 


O oỌO 
CH; bị Ô Í 
Số li so Ó%c | C—CH, 
`Mn. Â-.óo —. `Mn. 
sẽ. rờI]h 3x (30-3.7) 
lạ 1© | CO lọi© | Co 
C € 
lộ) lạ) 


and that (c) the conversion of the alkyl ligand into the acyl ligand can be pro- 
moted by the addition of ligands other than CO, for instance excess P(Ge¿H;)s as 
in Reaction 30-3.8. 


GITDÍP. /Ø 
CH;, (Qs 5)3 Ï 
- NHÀ. ÓC, | C—CH, 
< + P(C2Hg;);——> cl (30-3.8) 
oSf | co O =ồ, 
° lô 
lộ Ố 


Kinetic studies of such insertion reactions show that the first step involves an 
equilibrium between the octahedral alkyl and a fñve-coordinate acyl intermedi- 
ate. 


CH;Mn(CO)„ ——> CH;C(O)Mn(CO), (30-3.9) 


The in-coming ligand (whether CO, P(C¿H;); or the like) then adds to the five- 
coordinate intermediate, as in Reaction 30-3.10. 


CH;C(O)Mn(CO)„+ L——> CH;C(O)Mn(GO)„L (303.10) 
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The insertion of CO is thus best considered to be an alkyl migration to a co- 
ordinated carbon monoxide. The migration is to a cis CO ligand and probably 
proceeds through a three-centered transition state, as in Reaction 30-3.11. 


R R CR 

c TM Z1 

—> /\._ —>M-C( (30-3.11) 
M—CO M“---CO b 


Since five-coordinate species can undergo intramolecular rearrangements, more 
than one isomer of the final product 2y be formed. 

Multiple insertions may occur under certain circumstances. Consider 
Reaction 30-3.12, 


W(CH;); + 9 CO ——> W(CO)s + 3(CH;)¿CO (30-3.12) 


which involves initial transfer to give an acetyl ligand, followed by methyl migra- 
tioön to øive acetone. 

One further Important example that can be regarded as an Iinsertion is 
Reaction 30-3.13, 


M—H +CH,=CH; => M—CH,CH; (30-3.13) 


which will be discussed In Section 30-6. 


Redciions of Coordindated Ligands 
Nucleophilic Attack dt Coordinoted Ligands 


Thịs is a broadly general type of reaction of which there are numerous examples 
involving nucleophiles such as OH-, RƠr, RCO;, N;, NR;, and so on. 
Ligands that are generally susceptible to attack by nucleophiles include CO, 
NO, RƠN, RNC, alkenes, and so on. It is not always apparent that attack on the 
ligand 1s direct, since prlor coordination of the nucleophile to the metal cen- 
ter may occur. Then the reactions should be regarded as intramolecular trans- 
fers. 


Examples long known to involve reaction directly at the ligand are the attack 
ofOH at coordinated NO: 


©O |* 
Z 
[Fe(CN);NO]?- + OH- _Ÿ9w „ Fe(CN) NÓ. 
OH 
Ba |OH” CUỐï 


[Fe(CN);NO,]“ + H,O 


and attack of OH- at coordinated CO: 
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O 
J9) ¡9030 (CO),e—cZ 
OH 
: (30-4.2) 
|on 


(CO)„FeH— + HGO; 


The attack of alkoxide ions RO” on CO gives the M—C(O)OR group as In 
Reaction 30-4.3. 


MeO Ì 
[(GO),(PEMD)]” _= Ir(CO);„(COMe)(PPh;); (30-4.3) 
Such reactions are important in the catalyzed syntheses of carboxylic acids and 
esters from alkenes, carbon monoxide, and water or alcohols. 


Coordinated CO can also be attacked by lithium alkyls, as in Reaction 30-4.4. 


LICH; + W(CO)¿——> Lï'[(CO);W—C(O)CH;]” (30-4.4) 


Alkene and dienyl complexes are also attacked by nucleophiles, as in 
Reaction 30-4.5. 


+ 2 HQI 


(30-4.5)' 


Isocyanide complexes, on the other hand, are attacked by alcohols to form “car- 
bene” complexes, as in Reaction 30-4.6. 


OEt 


z 
đ 


(Et,P)CI,PtCNPh + EtOH ——> (Et,P)Cl,Pt==C- (30-4.6) 
`NHPh 


AHdck Involving Hydride lon 


Reduction by H” of certain TỊ-C;H; rings produces T“-cyclopentadiene ligands, 
as in Reaction 30-4.7, while hydride reduction of r\”-CaH; (arene) ligands gives 


O O 


O._ c¬1.. 
C P(G,H, 
` j „P(GH:); _>- mỹ —. 5)3 
Fe" =——— Ẹe 


sa LẦN (30-4.7) 
2X 


T\”-cyclohexadienyls: - 
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H; 
[CeH;¿Mn(CO);]” +H —> Œ7 (30-4.8) 
| 


Mn(CO); 
Hydride transfer also occurs with certain complex alkyls, where conversion 


into an alkene complex, as in Reaction 30-4.9, can be achieved by abstraction of 
H from the alkyl ligand, using triphenylmethyl tetrafluoroborate. 


x-C;H,(CO),Fe—CHRCH,R' 


BH¿ | (CaH;)zC* BE; 
H RỊ 
hề Z 
m-C;H;(CO);Ee--- | BF;¿ + CH(Q;H;); (30-4.9) 
C 
“8. 
H R 


Intramoleculdr Hydrogen Transfer 


A special case oŸ transfer reactions is one in which a hydrogen atom is initially 
transferred to the metal giving an intermediate hydride ligand. Such reactions 
are especially important for triarylphosphines and triarylphosphites. An exam- 
ple is Reacton 30-4.10. 


Ph C1 PhP, | C1 PhạP 
PhP “ ` EPh, 


(30-4.10) 


Such reactions are termed ortho- or cyclometalations. 


Regcftions of Coordinated Molecular Oxygen 


Ít has been observed that molecular oxygen can add to certain metal complexes 
without full cleavage of the O—O bond, and that there is some correlation be- 
tween O——O distances in the O; ligands and the reversibility with which an O; 
complex 1s formed. In the extreme case, full oxidative addition of O; gIves the 
O2 ligand with long O—O distances in the ligand. Less severe oxidaton upon 
addition leads to reversible adduct formation, as in hemosglobin. 

Coordinated oxygen may be more reactive than free oxygen because of the 
O——O bond weakening that accompanies even weak addition to metals. Thus co- 
ordinated Ô; may be attacked more successfully. The mechanisms of attack on 
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coordinated oxygen are poorly understood, but in many cases free radicals are 
involved. However, for some phosphine complexes, the reaction proceeds 
through peroxo intermediates that may be isolated. An example ¡s the platinum 
peroxocarbonate of Reaction 30-5.]. 


Địt (C2H,);P bo. 


` À-- 
Pc | + OO;, —> Pt | (30-5.1) 
“uc co 
(C2H,);P O (C2H,);P O“ ởNG 


O 


The mechanism of oxidation of SO; by the oxygen complex IrCIl(CO) (O;)- 
(PPh;); to give a sulfato complex, 


le% Oh + œ ley 
` AI 2Á ` J2 ⁄ 
j 0 mm NUn C7 
LẾ) M | 0" =» | O O 
ào 


has been studied with an !ŠO tracer, designated O”. 


CATALYTIC REACTIONS 


30-ó 


The term catalyst requires careful use. The term—meaning a substance added 
to accelerate a reaction—may haye some applicaton in heterogeneous systems. 
In such systems, where, for example, a gas mixture is passed over a solid catalyst, 
the solid catalyst may be recovered unchanged. Homogeneous catalytic systems, 
however, proceed in solution by way of a series of linked chemical reactons in- 
volving different metal complexes at each point in the process. What one adds 
initially to the reaction mixture is quickly engaged in a number oÊ reactions and 
equilibria. The concept of one particular species being “the catalyst” then has no 
validity. Instead, one speaks in terms of intermediates involved in the Varlous 
steps of a catalytic cycÌe. 

The catalytic cycles to be described all involve the same sorts of changes in 
oxidation state and coordinaton number that have been delineated for stoi- 
chiometric reactions in the preceding sections. In the catalytic systems, however, 
the metal complex is returned to its original state at the end of one cycÌe. 


Isomerizdtion 


Many transition metal complexes, especially those of the metals from Groups 
VIIIA(8)-VIHA(10), promote double-bond migration (isomerizatlon) in 
alkenes. The products are the thermodynamically most stable 1someric mixtures. 
Thus 1-alkenes give mixtures of cis and trans 2-alkenes. This reacton 1s charac- 
teristic for many transitdion metal hydrido complexes; the isomerization Involves 
transfer of H from the transiion metal hydride to a coordinated alkene, giving 
a metal-alkyl complex. In addition, many complexes that do not have M—H 
bonds, for example, (Et;P)„NiCl;, will catalyze the isomerization of alkenes pro- 
vided a source of hydride (such as molecular hydrogen) 1s present. 
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The first step in the catalytic cycle must be the coordination of the alkene. 
LLMH + RCH=—CH; =——L„,MH(RCH=CH.) (30-6.1) 


Reaction 30-6.1 is followed by hydride transfer to form an alkyl ligand. 


H H H H HHH 
H 
| \“ 4 W / 
°° PC — i7 = ; (30-6.2) 
C M---C M—C 
TÊN * 7 
H R H R H R 


Reaction 30-6.2, in the reverse direction, has already been identified as the pri- 
mary route for the decomposition of many alkyls. (The reverse of Reaction 30- 
6.2 is termed  elimination; the alkene ¡s eliminated from the metal alkyl by 
transfer to the metal ofa hydrogen atom from the  carbon of the alkyl ñgand.) 
Thus we expect that Reaction 30-6.2 is readily reversible, and that there should 
be a scrambling o£ all hydrogen atoms during the catalytic process. When fluo- 
roalkenes are used, as in Reaction 30-6.3, 


RhH(CO) (PPh;); + C;F„——> Rh(CF;CEF;H) (CO)(PPh;)„+PPh, (30-6.3) 


stable metal alkyls are obtained, and it can be demonstrated that the hydride of 
the original metal complex is attached to the B carbon of the alkyl ligand. This 
1s required ïf the four-centered transition state of Reaction 30-6.9 is involved. 

With alkenes other than ethylene, there is the possibility of addition of 
M—H across the double bond in either Markovnikov or anti-Markovnikov fash- 
lon. Thus we may have Reactions 30-6.4 or 30-6.5. 


mm, HH 
2Ÿ LM, JỚN ý Z.c. 
`8 NÓI... CC GHạR (306.4) 
TIING TN 
HH H<H 
(A) 


`` 2=. 


: C ï "TU. 
` \Y 
z4mÀ% ⁄ (30-6.5) 
so nh H CH,R 
(®) 


aMar = anti-Markovnikov 
Mar = Markovnikov 


In the anti-Markovnikov addition (Reaction 30-6.4), the hydrogen atom is trans- 
ferred from the metal to the B carbon of the chain, giving the primary alkyl de- 
rivative (A). The reverse of Reaction 30-6.4 rcquires B elimination from com- 
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pound A. S5ince only one carbon is positioned B to the metal, the original alkene 
must re-form upon reversal of Reaction 30-6.4. Observe, however, that because 
of free rotation about C—C bonds, the same hydrogen need not be eliminated 
to reform the alkene as was given to the alkene in making the alkyl lgand of 
compound A. Thus in anti-Markovnikov addition there will be scrambling of hy- 
drogen atoms at the  position, but not isomerization of the alkene. On the 
other hand, there are two possibilities for B elimination from the secondary alkyl 
derivative B that is formed by Markovnikov addition, as in Reaction 30-6.5. If the 
Hatom ¡is B eliminated from the CH; group of Compound B, the original alkene 
1s reformed. If the H atom is B eliminated from the methylene carbon of the 
CH;R group in Compound B, then a 2-alkene is reformed. Thus isomerizatiow 
may occur through initial Markovnikov addition of the metal hydride across the 
alkene. Note that either cis or trans 9-alkenes, or both, may be formed. 


Hydrogenoftion 


The fact that molecular hydrogen reacts with many substances at room tempera- 
ture has allowed the design of useful catalysts for the reduction of unsaturated 
cormpounds, such as alkenes or alkynes, by H;. The most successfu] catalytic cycles 
use complexes such as RhCl(PPh;)s;, in benzene or ethanol-benzene solution. 
The rates o£ hydrogenation depend on the nature of the groups at the site Of re- 
duction, and selectivity is, therefore, possible. In Reaction 30-7.1, 


CH, CH, 
H Hạ jHì 
⁄ CHỊ; RhClPhạ); C „CH; (ao; 1) 
CH, CO,CH; CH¡; CO,CH; 


for example, only one of two C==C double bonds is actually reduced. 
Furthermore, in contrast to heterogeneous catalysis, where scattering of hydro- 
gen (traced by use of D;) throughout the molecule usually results, homogeneous 
catalysis leads to selective addition ofH; (D;) to one C=C site. 

The mechanism of hydrogenations using RhCI(PPh;); appears to involve 
the cycle shown in Eig. 30-1, where P = PPhạ. 

There are a number of similar catalytic systems that can hydrogenate not 


only C=C and CSC groups but also /=O, —N=N—,and —CH=—N—. 


Another catalytic system for hydrogenation employs RhG];(py); in DME plus 
NaBHi. 

One of the most important developments has been the use of optically ac- 
tive phosphine ligands to achieve highly selective hydrogenation of prochiral un- 
saturated compounds. Rhodium cationic complexes of the type [RhLL(sol- 
vent)]* (where LL is a chelating phosphine ligand) are the most commonly 
used. A wide variety of ligands, LL, with chirality at carbon or phosphorus have 
been investigated. An important example is (+ or —)-2,3-Ó-isopropylidene-2,3-di- 
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Figure 30-]  A mechanism for the catalytic hydrogenation 
of an alkene. Clockwise from the top left: oxidative addition of 
H¿ to form the dihydride, A; dissociation o£a phosphine lig- 
and to give a free coordination site for alkene addition; forma- 
tion of the alkene complex, B; insertion of the alkene ligand 
into the M—H bond to give an alkyl ligand, C; reductive elimi- 
nation of the alkane and regeneration of the catalyst preCur- 
sor, D. (P = PPh;) 


hydroxy-1,4-bis(diphenylphosphino)butane, usually called (+ or -)diop, as 
shown in Structure 30-I. 


(C2H,)„PCH, 


(C;H,),PCH, 


30- 


_ 


An important application has been the synthesis of the chiral drug I-DOPA 
(dihydroxyphenylalanine, used in the treatment of Parkinson”s disease) by the 
Monsanto Company. Prochiral compounds of the type R'CH=C(NHR,)CO,H 
nàn be reduced to chiral amino acids, and the optical purity may be greater than 
ĐH: 

Ít is mportant to note that, unlike the catalytic cycle shown in Fïg. 30-1, 
which uses monodentate phosphine ligands, with catalytic systems Involving 
chelating phosphine ligands, a complex with substrate forms first. It is then that 
oxidative addition of H; takes place. The enantiomeric selectivity arises from 
preferential complexation of the prochiral substrate at the metal containing the 
chiral LL. In some cases intermediate complexes can be characterized by“ 
NMR spectra; one example is shown in Structure 30-11, 
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| 
` : : `: IP 
⁄ là» 
mm 
CO,H R=CH,Ph 
30-II 


which 1s the rhodium complex of œbenzamidocinnamic acid. Two stereoiso- 
mers, differing in the configuration at the bound alkene, exist in a 10:1 ratio at 
Toom temperature. 


Olther Catolyzed Addiiions †o Alkenes 


There are two addition reactions of alkenes that are commercially important. 
These are the hydrosilylation and the hydrocyanation reactions. 


Hydrosilylotion of Alkenes 


The hydrosilylation of alkenes is similar to hydrogenation except that H and SiR; 
from a silane (R;SïH) are added across the double bond, as in Reaction 30-8.1. 


RCH=CH; + HSiR; ——> RCH,CH,S¡iR; (30-8.1) 


The commercial process uses hexachloroplatinic acid as the catalyst, but phos 
phine complexes of cobalt, rhodium, paladium, or nickel may also be used. The 
ready addition of silanes to #zøs-IrCl(CO) (PPh;)›, as in Reacuon 30-8.2, 


IrOI(CO) (PPh;); + R;SIH ——> IrHCI(CO)(PPh;),SIR;,  (30-8.2) 


suggests that the first step in hydrosilylations is oxidative additon of the Si—H 
group to the metal center. In the case of Reacton 30-8.2 the product is coordi- 
natively saturated; there is no further available site at the metal center, and the 
process ends here. In the actual catalytic systems, there must be a further coor- 
dination site available, because the next step 1s addition of the M—H group 
across the double bond of the alkene to form an alkyl group. Reductive elimi- 
nation of the newly formed alkyl with the SiR; group yields the product and re- 
generates the catalyst. 


Hydrocyœncdtion of Alkenes 


The DuPont Company has patented a process using nickel phosphite complexes 
for the addition of HCN to alkenes. The process also employs Lewls acid co-cat- 
alyst and yields high percentages of adiponitrile, an important nyÌlon preCursor. 
The process works because HƠN, although only a weak acid, adds oxidatively to 
nickel phosphite compounds (NiL„), as in Reaction 30-8.3. 


NiL¿ + HƠCN = NIH(CN)L„ + 2L (30-8.3) 
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Likely further steps in the catalytic cycle include addition of the alkene as in 
Reaction 30-8.4: 


NiH(CN)L¿ + RCH=CH; ——> (RCH=CH,)NiH(CN)L; (308.4) 
insertion of the oleñinic ligand into the Ni—H bond to form an alkyl ligand: 
(RCH=—CH,)NiIH(CN)L¿ ——> RCH,CH;—N¡(CN)L; (30-8.5) 
reductive elimination of the nitrile, as in Reaction 30-8.6: 
RCH,CH,—Ni(CN)Lạ———> RCH;CH;CN + NiL¿ (30-8.6) 


and, finally, regeneration of the active catalytic species by oxidative addition of a 
second equivalent of HCN, as in Reaction 30-8.7. 


NiL¿ + HCN —> NiH(CN)Lạ (30-8.7) 


This proposal provides a good example of the general requirement that such a 
catalyst readily undergo additions, oxidative additions, and reductive elimina- 
tions—the same sequence that is apparently involved in the hydrosilylations. 


Hydroformylotion 


The hydroformylation reaction is the addition o£ Hạ and CO (or formally o£H 
and the formyl group, HCO) to an alkene, usually a terminal, or l-alkene, as in 
Reaction 30-9.]: 


RCH=CH; + H„+ CO —> RCH,CH;CHO (30-9.1) 


The aldehyde product may be further reduced under the reaction conditions to 
an alcohol, as in Reaction 30-9.2: 


RCH,CH,CHO + Hạ——> RCH;CH,CH,OH (30-9.2) 


Originally, cobalt compounds were used as catalysts at temperatures o£about 150 
°®C and greater than 200-atm pressure, and some 3 million tons/year of alcohols, 
usually C;—Ca, have been produced in this way. The original processes gave mix- 
tures of straight- and branched-chain products in the ratio of about 8:1, but con- 
siderable effort has been made to Iimprove the yield of the straight-chain prod- 
ucts. Cobalt catalysts also gave, undesirably, reduction o£ the feedstock alkenes to 
alkanes. They have been superseded by rhodium catalysts. 

Extensive Information 1s available on the catalytic cycle employing 
RhH(C©O) (PPh;);, which is active even at 25 °C and ]-atm pressure. In addition, 
the rhodium catalyst produces only an aldehyde, making ¡t ideally suited to 
study. On use of high concentrations of PPh;, high yields of linear aldehydes can 
be obtained, and little of the alkene reactant is lost as the simple alkane reduc- 
tion products. Phe reacton cycle is shown in Eig. 30-2. The initial step is addi- 
tion o£ the alkene to RhH(CO);(PPh;); (compound A in Eig. 30-2), followed by 
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Figure 30-2 A catalytic cycle for the hydroformylation of alkenes using triph- 
enylphosphine complexes. The configurations of the complexes are not known with 
certainty. The equilibria Involving F and G are “nonproductive.” 


insertion of the olefinic ligand into the Rh—H bond to give the alkyÌ complex, 
B. The latter then undergoes migratory inserton of CO Into the Rh—C bond to 
give the acyl derivative, C. Oxidative additon of H; then gives the dihydrido acy], 
D. lt is this last step, the only one involving a change in oxidation state for the 
Rh, that is most likely the rate-determining step In the cycle. The final steps are 
reductive elimination of the aldehyde to give E and reformation of A by additon 
of CO. 

The high PPh; concentrations that are essential in providing high yields 
(> 95%) of linear aldehydes are probably required to suppress dissoclative for- 
mation of monophosphine specles, and thus to force the attack of alkene on 
bis(phosphine) species such as Compound A. The bis(phosphine) complexes 
favor anti-Markovnikov addidon to the alkene, and thereby lead to linear alde- 
hydes. 


30-10 Ziegler-Notta Polymerizolion 


Hydrocarbon solutions of TïC]¿ in the presence of triethylaluminum polymerize 
ethylene at ]-atm pressure. An extension of this Ziegler-Natta polymerization of 
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Figure 30-3  Stcps in the Ziegler-Natta, TiCl;-catalyzed 
polymerization o£ ethylene. 


ethylene is the copolymerization of styrene, butadiene, and a third component 
(usually dicyclopentadiene or 1,4-hexadiene) to give synthetic rubbers. Vanadyl 
halides instead of titanium halides are then the preferred catalysts. 

The Ziegler-Natta system is heterogeneous, and the active specles is a fi- 
brous form of T¡Cl; that is formed ?z su from TïCL¿ and Al(C2H;);. Preformed 
T¡Clạ may also be used. During the course o£ the polymerization, many different 
alkyl groups become available, and it appears that a second role o£the aluminum 
species, in addidon to that of forming TÌC];, is replacement o£a chloride at the 
T¡C1; surface by an alkyl group. Thus the catalytic process as in Eig. 30-3 begins 
with addition of ethylene to the vacant coordination site of a surface Tỉ atom. 
The alkyl group is transferred to the coordinated ethylene, another ethylene is 
bound to the newly created vacant coordination site, and the process of poly- 
merization continues. 


Polladium-Cdtdlyzed Oxidotions 


It was long known that ethylene compounds o£ palladium, [(C;H¿)PdG];]; for 
example, are rapidly decomposed in aqueous solution to form acetaldehyde (an 
oxidation product of ethylene) and Pd metal, according to the stoichiometry o£ 
Reaction 30-11.1. 


CaH„+ PdCI; + HạO —z CH.CHO +Pd+ 2110 li ïïï¡ 
The conversion of this stoichiometric reaction 1nto a catalytic one (the Wacker 


process) required the linking together of Reaction 30-I1.1 with the following 
known reactions: 


Pd + 2 CuGCl; ——>› PdC]; + 2 CuCl (30-11.2) 
2 CuCl + 2 HƠI + š¿ O¿„——> 2 CuCl; + HạO (30-11.3) 


The sum of Reactions 30-11.1, 30-11.2, and 30-11.3 is the desired oxidation of 
cthylene (Reaction 30-11.4). 
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E1 1 xCii 66C) (30-11.4) 


The catalytic oxidation of ethylene by Pd”~Cu” chloride solutions is essentially 
quantitative, and only low Pd concentrations are required. 

Since the reaction proceeds in Pd” solutions with a chloride concentration 
greater than 0.2 Mí, the metal is most likely present as [PdCl,]Ÿ”. Reactions 


30-11.5 and 30-11.6 then occur. 
[PdCI,]? + CHÍ — |FEICI(CH.) | Ti (fast) (30-11.5) 
[PdQI;(CsH,„)] + HạO ——> [PdCI;(H;O) (C,H¿)] + CI” (30-11.6) 


The neutral product of Reaction 30-11.6 is attacked nucleophilically by water giv- 
¡ng the hydroxy-alkyl ligand shown in Structure 30-III 


C|  — CH,CH,OH| 
đt 
C¡ OH, 


30-HI 


which eventually leads to products by the sequence shown in Reactions 30-11.7 


and 30-11.8. 
„ ở | BÁC ảo 
SG ẽ. pc... o' ¬ 
PC r : ` XÁC ) SH (30-11.7) 
éX ⁄ 
Cỉ OH, G n OH 


CH,CHO +H'«——CH,CHOH'+Pd°+2CE (30-118) 


The mechanism for the required reoxidation of Pd metal by Cu(H) chloro 
complexes (Reaction 30-]11.2) is not well understood, but inner-sphere electron 
transfer by chloro bridges is probably involved. 

The reactivity of palladium complexes in other systems has been extensively 
studied, and there now are many catalytic processes involving alkenes, arenes, 
carbon monoxide, alkynes, and the like. Extensions of the Wacker process using 
media other than water are known; thus in acetic acid, vinyÌ acetate is obtained, 
while in alcohols, vinyl ethers are obtained. Also, with alkenes other than ethyl- 
ene, ketones may be obtained. Propene, for example, gives acetone. 


30-12 Cotolytic Redactions of Carbon Monoxide 


We have already considered the hydroformylation reacton: an addition of H; 
and CO to alkenes. There are other important reactions involving CO, two of 
which we consider here. 
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Figure 30-4 Catalytc cyclc for the synthesis of 
acetic acid from methanol. The steps are (1) oxidative 
addition of CH;I, (2) migratory insertion of CO, (3) 
addition of CƠ, and (4) reductive 


elimination of HạC—C—I. Subsequent hydrolysis 


| 
of HạC—C—I gives OH;CO.H. 


Acetic Acid Synthesis 


Acetic acid can be made by carbonylation of methanol. Originally, a high-tem- 
perature and high-pressure reaction using cobalt iodide was used. In the 1960s, 
the Monsanto Chemical Company introduced a process using rhodium that op- 
erates under milder conditions: about 180 °C and 40 atm. The key to this reac- 
tồn (and to other carbonylations, e.g., of methyl acetate, to give acetic anhy- 
dride) involves the use of methyl iodide, which can oxidatively add to RhỶ as in 
Fig. 30-4. Carbon monoxide insertion gives an acyÌ intermediate that undergoes 
6) 


reductive elimination of acetyl iodide, HạC—=C—I. Hydrolysis of the latter by 
water In the aqueous-methanol feed then gives acetic acid and HI, as in 
Reacuon 30-12.]. 


H;ạC—C—I + H;O—— CH,CO,H + HỊ (30-12.1) 
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HI then reacts with methanol to regenerate methyl iodide, as in Reaction 
30-12.2. 


HI + CH;OH ——> CH.I + H„O (30-12.2) 


In the absence of water and in the presence of lithium acetate, carbonylations of 
methanol or methyl acetate give acetic anhydride via the reaction: 


CH;C(O)I + CO;CHạ ——> CH;C(O)O,CCH, (30-12.3) 


The cycle is similar to that in Eig. 30-4. 


Fischer-Tropsch Redocfions 


These reactlons were discovered by E. Fischer and H. Tropsch in Germany, in the 
late 1920s. The reactions make use ofiron or other oxide catalysts to reduce CO 
by hydrogen, giving hydrocarbons, the simplest representative example being 
Reaction 30-12.4. 


G501. 6n (30-12.4) 


nder selected conditions, petroleum or fuel oils can be made. The process is 
not very economical, even with very cheap coal as a source of feedstock synthe- 
SIs gas, but is operated commercially in South Africa. A much more important 
reaction 1s methanol synthesis (Reaction 30-12.5), 


CO+2H¿—>CH/OH AH°=-92kjJmol!l (30-125) 


which may be accomplished by using heterogeneous, copper-promoted, zinc 
oxide catalysts at 250 *C and 50 atm. This process provides a means of using 
methane waste gases from oil wells by oxidation to synthesis gas, as in Reaction 
30-12.6, followed by conversilon to methanol by Reaction 30-12.5. The methanol 
can then be converted to acetic acid and acetic anhydride as discussed previ- 
ously, bringing the formerly wasted methane usefully into the petrochemicals 
mnarket. 


GTiefisol6- —›4Œ(@sise.Hs (30-12.6) 


It is possible to make other alcohols directly from CỔ and H;, notably eth- 
ylene glycol by use of homogeneous rhodium catalysts. Such processes are, how- 


©ver, not yet economical. 
Finally, it should be noted that the water-gas shift reacdon (Reacton 30-12.7) 


CO + H;O = CO; + Hạ (30-12.7) 
can be catalyzed both heterogeneously and homogeneously. The reaction is used 


to remove CO from synthesis gas, thereby increasing the amount o£ H; that 1s 
available for ammonia synthesis, as mentioned in Section 9-]. 
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Study Quesfions 


A. Review 


J 


10. 
11. 


What is meant by a coordinatively unsaturated species? Give two examples, and ex- 
plain how these species may arise in solutions beginning with coordinatively satu- 
rated ones. 


. Deñne the term oxidative addition (oxad) reaction. What conditions must be met for 


sụch a reaction to occur? What is the reverse of sụch a reaction called? 


._ Draw plausible structures for the reacton products of IrCI(CO) (PRs); with H;, CH:ạI, 


CzH„NCS, CF;CN, (CEF;);CO, O;¿. 

How can one account for the low activation energy for oxidative addition of H; with 
its very strong H—H bond? 

What is an insertion reaction? Give two real examples. 

Describe the actual pathway for the reaction of P(C:H;); with CH;Mn(CO); to give 
CH;COMn(GO)„P(G:H;)¿. 

Complete the following equations and show with diagrams the structures of the prin- 
cipal products: 

(a) Ru(CO);(PPh;); + HBE¿ ———* 

(b) Ir(CO);(PPh;)z + CHạO” ——> 


(đ) [Fe(CN)gNO]?” +2 OH-—> 
Show the steps by which a hydrido complex can cause isomerization of I-alkenes to 
2-alkenes? Is this generally stereospecific? 


'Write a balanced equation showing the overall (net) reaction in each of the follow- 
ing processes: hydroformylation; hydrosilylation; the Ziegler-Natta process; the 
Wacker process for synthesis of acetaldehyde. 


Outline the main steps by which Ziegler-Natta polymerization proceeds. 
Outline the mechanism of the Wacker process. 


B. Addiiiondl Exercises 


lạ 


Write a plausible mechanism for the reaction-of Ti(NEt;)„¿ with CS; to give 
Ti(S,CNEt;)¿. 


Give a plausible catalytic cycle to account for the conversion of ethylene to propi- 
onaldehyde employing RhH(CO) (PPhs); as the catalyst. 


.‹ Suggest a catalytic cycle to account for the action of 


[Rh(PEtPh,);(CH;OH);]”PEFs 


¡in methanol as a catalyst for hydrogenation of but-lene by H; at 25 °C and 1-atm 
pr€ssure. 


The complex Ni[P(OEU;]¿ in acidic solution is used in the synthesis of hexa-1,4- 
diene from cthylene and butadiene. Suggest a plausible catalytic cycle. 


Ni[P(OEĐ;]¿ is also used to catalyze the process 
CH;—=CH—CH=CH; + HƠCN ——> NC(CH,)„CN 
Again, suggest a sensible sequence of steps. 


Suggest a mechanism for the following so-called 1,3-insertion reaction. 
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10. 


11. 


lợi Tri 
(m-C;H;) (CO);Fe—CH,CSCCH; + SO, 


` 


4 
CH; 
3Ì 


C 
2 
(n-G;H¿) (co, __— 


JÌ 
H,C=—=O 


O 


It has been proved that the alky] group retains its configuration when CO insertion 
to produce the acyl occurs for (Tn”-C;H;) (CO);Fe—CHD—CHD—C(CH,)¿. Propose 
a mechanism that accounts for this. 

Write a mechanism for the conversion of butadiene to #øn+frznsetranecyclododeca- 
triene, using a Ni” species. 

RhH(CO) (PR;); in benzene under pressure o£ ethylene reacts with benzoyl chloride 
to give propiophenone, C¿H;C(O)C;H;. Suggest a mechanism. 

A catalytic process for making propionic acid from acetc acid has been developed. 
Ít uses HI, Hạ, CO, and H;O as stoichiometric reagents and a patented Ru(CO),I, 
compound as catalyst. HI and H;O are regenerated by the full catalytic process. 


Plausible steps in the catalytic cycle include (a) oxidative addition of HạC—C—]; 
(b) addition of H; to Ru, and migration to give an œ-hydroxyethyl ligand; (c) hydro- 
genation of the latter, with elimination of water to give an ethyl ligand; (d) insertion 
o£ CO to give an acy] ligand; and (e) hydrolysis to propionic acid. Write out the cat- 
alytic cycle in the style of Fig. 30-4. 

The complex [n”-C;H;Re(CO)zNO]T can be reduced using NaBH, in THF-water 
mixtures giving first a formyÌ complex, second a hydroxymethyl complex, and third 
a methyl complex. Draw structures of the four compounds, apply the 18-electron for- 
malism to each, and discuss the relevance of these reactions to our unđerstanding of 
Eischer-Tropsch chemistry. 


C. Problems from the Literoture of Inorganic Chemisiry 


1. 


Consider the report (o£a Rh catalyst for olefñn hydrogenation) by ©. O°Connor and 

G. Wilkinson, J. Chưm. $øc. (A), 1968, 2665-2671. 

(a) Prepare sketches of each rhodium compound in the hydrogenation cycle pro- 
posed here. 

(b) Describe (addition, oxidative addition, reductive elimination, etc.) each step in 
the process. 

(c) Enumerate the data or reasoning favoring each structure in (a) and each step in 
(b). 

(d) Why, according to the authors, is hydrogenation with this catalyst only possible, 
apparently, for terminal alkenes of the formula RHC==CH,? 

Read the paper on reductons using CO + H;O ¡in place of H; by H. Kang, C. H. 

Mauldin, T. Cole, W. Slegeir, K. Cann, and R. Pettit, J. Am. Chem. Sóc, 1977, 99, 

8323-8325. 

(a) Propose reactions and mechanisms for the formation from CO, H;O and 
Fe(CGO); of HFe(CO)¿, H;ạFe(CO)„, and H;. 
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(b) Propose a mechanism for the pH-dependent reduction (actually hydroformyla- 
tồn) of ethylene to propanol. How do the authors account for the pH depen- 
dence? 

(c) Explain how Fe(CO); serves as a catalyst for the water-gas shift reaction. 


._ Consider the study reported by E. L. Muetterties and PF. L. Watson, } Am. Chem. Soc., 


1976, 926, 4665-4667. 

(a)_ Write balanced equations for two separate preparations of the hydrogen adduct, 
or dihydride, HạCo[P(OCH;);]2. 

(b) Draw the structure of the dihydride in (a). What data indicate a predominantly 
cis arrangement of the two (formally) H ligands? What is the diference be- 
tween a “dihydrogen adduct” and a “đihydride”? 

(c)_ What expcriments suggest that reductive elimination of H;ạ from the dihydride 
in (a) is a unimolecular process? 

(d) How has reductive elimination of CH¡¿ been studied here? How does CH¿ elimr- 
nation compare with H; eliminaton? 


. Consider the paper by E. M. Hyde and B. L. Shaw, j. Chem. Soc. Dalơn Trams., 1975, 


765-767. 

(a) Enumerate the differences between oxidative additon of Hạ and CHạI to đøs- 
[IrX(GO)L;] complexes in general. 

(b) How were rate constants obtained in this study for the additon of H; to 
IrCl(GO) (PR;); complexes? 

(c) How does Hạ additon to [IrClI(CO) (PMe;Ph);] compare with H; addition to 
[IrCl(CO){PMe,(C¿H„OMe););]? 

(d) How does CHạI oxidative addition compare with Hạ oxidative addition towards 
both of the complexes in (c)? 


(e) What mechanistic interpretation do the authors give for the differences noted in 
(c) and (d)? 


. _ Consider the paper by K. L. Brown, G. R. Clark, C. E. L. Headford, K. Mardson, and 


W. R. Roper, j. Am. Chem. Soc., 1979, 101, 503-505. 

(a) Apply the 18-electron formalism to explain the various preparations and reac- 
tions of this TỊ”-formyÌ complex of Os”. 

(b) The “hydrido-formyl” Os(CHO)H(CO);(PPh;); eliminates H;, while the “chlo- 
roformyl” Os(CHO)CI(CO);(PPh;) ; eliminates CO, not HƠI. Why? Explain. 


. Read the article by . P. Casey, M. W. Meszaros, S. M. Neuman, I. G. Cesa, and K. J. 


Haller, Órøznomøfalcs, 1985, 4, 143-149. 
(a) Compare the syntheses and structures of the analogous acetyl and formyl com- 
plexes as reported here. 


(b) Apply the 18-electron formalism to each reactant and product in your answer to 
(a). 
(c) What does a comparison of these two structures seem to indicate about the rea- 


son why CÓ insertion into a M——C bond occurs more readily than CO insertion 
1nto a M——H bond? 
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31-1 


Overview 


Biochemistry is not merely an elaboration of organic chemistry. The chemistry 
Of híe involves, In essential and indispensible ways, at least 25 elements. In addi- 
tion to the “organic” elements ©, H, N, and O, there are 9 other elements that 
are required ¡in relatively large quantities, and called, therefore, macronutrients. 
These elements are Na, K, Mg, Ca, S, P, CI, Si, and Fe. There are also many other 
elements, mỉcronutrients, that are required in small amounts by at least some 
forms of hfe: V, Cr, Mn, Co, Ni, Cu, Zn, Mo, W, Se, F, and I. As research activity 
Iintensifies, and as instrumental methods o£ analysis and detection become more 
sophisticated and sensitive, it is likely that other elements will be added to the list 
Of micronutrients. The elements Cr, Ni, W, and Se have been added only within 
the last few years. 

The metallic elements play a variety of roles in biochemistry. Several of the 
most Important roles are the following: 


1. Rsgulatory aclion 1s exercised by Na", K', Mg””, and Ca”". The flux of these 
lons through cell membranes and other boundary layers sends signals 
that turn metabolic reactions on and off. 

2. The siructural role oŸ calcium 1n bones and teeth is well known, but many 
proteins owe theiïr structural integrity to the presence of metal Ions that 
tửe together and make rigid certain portions of these large molecules, 
portions that would otherwise be only loosely linked. Metal ions particu- 
larly known to do this are Ca”" and Zn”. 

3. An enormous amount of ¿cfrøn-fransƒfzr chemistry goes on In biological 
systems, and nearly all o£ it criucally debends on metal-containing elec- 
tron-transfer agents. These include cytochromes (Fe), ferredoxins (Fe), 
and a number of copper-containing “blue proteins,” such as azurin, plas- 
tocyanin, and stellacyanin. 

4. Matalloenzymes or tmetallocoenzymes are 1nvolved in a great deaÌ of enzymatic 
activity, which depends on the presence of metal ions at the active site o£ 
the enzyme or in a key coenzyme. Of the latter, the best known is vitamin 
B¡a, which contains Co. Important metalloenzymes include carboxypep- 
tdase (Zn), alcohol dehydrogenase (Zn), superoxide dismutase (Cu, 
Zn), urease (Ni), and cytochrome P-450 (Ee). 

5. All aerobic forms of life depend on øxygen óarrz2rs, molecules that carry 
oxygen from the point ofintake (such as the lungs) to tissues where Ò¿ is 


TẠI 


730 


31-2 


31-3 


Chopter31 /  Bioinorganic Chemistry 


used in oxidative processes that generat€ €n€Tgy. There are three major 
types of oxygen carriers, and all of them contain metal ions that provide 
the actual binding sites for the O; molecules. These types are 


Hemoglobins (Fe), found ¡n all mammals. 
Hemerythrins (Fe), found in various marine invertebrates. 
Hemocyanins (Cu), found in arthropods and molluscs. 


Each of these roles will be discussed in this chapter. 


The Role of Model Sys†tems 


Because of the size and complexity of most biochemical molecules and 
processes, it is often advantageous to find smaller and sinmpler models upon 
which controlled experiments can be more easily performed, and with which 
hypotheses can be tested. Bioinorganic chemistry has been an especially fruiful 
area for the use of model systems, particularly where transition metals are in- 
volved. Of course it is not always possible to find or develop suitable models, and 
it can be dangerously misleading should overly simplistic models be used naively. 
Even in the best of circumstances, a model can give only a partial view o£ how the 
real system works. If these limitations are recognized, the model system ap- 
proach can provide valuable guidance to eventual study o£ the real systems. 

The broad and detailed knowledge that we have of coordination chemistry 
sets the stage for an understanding of the role of metal ions in biological systems. 
Fundamental principles and generalizations about the behavior of metal com- 
plexes are valid whether the metal is coordinated by some relatively simple set Of 
man-made ligands or by a gigantic protein molecule, where the coordinating 
Øroups are often carboxyÌ oxygen atoms, thiol sulfur atoms, or amine nitrogen 
atoms. Moreover, the optical spectra, magnetic moments, and EPR spectra of 
transition metal ions afford the same powerful methods of study as when applied 
to the simpler complexes. Thus we have methods for checking the models 
against the real systems. 

Throughout this chapter we shall frequently refer to model systems that have 
played a role in understanding real bioinorganic systems. Among these are 
Iron-porphyrin compounds relevant to the understanding of hemoglobin, myo- 
globin, cytochromes, and enzyme P-450; models for hemerythrim; the 
cobaloxime model for vitamin B;¡;; iron-sulfur cluster compounds as models for 
ferredoxins; and a number of copper complexes that serve as models for a vari- 
©ty Of COpper-conftaining enzymes. 


The Alkdli and Alkoline Eorith Metols 


The elements Na, K, Mg, and Ca are ubiquitous in living systems and play an as- 
sortment OoÝ vital roles. Inorganic chemists who were interested in coordination 
chemistry used to have a tendency to regard these elements as relatively unin- 
teresting. Nothing could be further from the truth if one is seeking an under- 
standing of life processes. 
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Sodium œngd Poiossium 


Sodium and potassium ion concentrations and the balance (or ratilo) of their 
Concentrations in various parts of an organism are controlled by a number of 
special complexing agents. These generally are cavitands, that is, macrocyclic 
molecules with polar interior groups for binding the ions and nonpolar (hy- 
drophobic) exterior groups that enable the cavitands to carry the Na” or K” ions 
across cell boundaries. An example is the cyclic dodecapeptide valinomycin, 
shown as Structure 31-I, and in Chapter 10 as Structure 10-II. 


CH(CH,), CH(CH,), CHỊ, CH(CH,); 
—C—C—N—C—C—O—C—C—N—C—C == 
HjJ HH Ị H Ị HH | 
le) lÐ) O l9) 3 
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The Na” concentration within animal cells has to be kept about 10 times 
lower than thatin the extracellular fluids, whereas an opposite gradient (by a fac- 
tor of 30) must be maintained for the K* ion. The maintenance of these balances 
requires energy, and when such balances are abruptly changed, electrical po- 
tentials responsible for the transmission of nerve impulses are created. 


Calcium 


Calcium serves in a staggering variety of roles, the most obvious being in struc- 
turaÌl materials such as teeth, bones, shells, and a number of other less well- 
known calcium-rich deposits. Ít is important to note that none of these calcifer- 
ous biological materials is an inert “mineral.” Bone, for example, though 
consisting largely of calclum carbonate and phosphate, is continually being de- 
posited and reabsorbed, and it acts as a buffer for body Ca?" and phosphate ions, 
as controlled by hormonal action. The form of calctum phosphate that occurs In 
bone and teeth has the same composition as the mineral apatite, Ca¡o(PO„)sXa, 
where X represents E, Cl, or OH, or a mixture of these. 

Calcium is essential to the action of extracellular enzymes, and it participates 
in many regulatory processes. Ít 1s generally complexed by the side-chain car- 
boxyl groups of proteins, with additional bonding sometimes to peptide car- 
bonyl groups and hydroxy] groups. 


Mognesium 


Magnesium, because of its high charge/radius ratio and consequent strong hy- 
dration {as [Mg(H;O)¿]”'}, plays biological roles that are very diferent from 
those of calcium. One o£ its major roles is as a counterion to the negatively 
charged ROPO;H” groups in nucleotides and polynucleotides. Sometimes it ap- 
proaches the phosphate anions as [Mg(H;O)¿]#", but it is also found as 
[Mg(H;O);]?* or [Mg(H;O)„]Ÿ” with one or two phosphate oxygen atoms, re- 
spectively, completing its first coordination sphere. The magnesium lon helps to 
stabilze the three-dimensional structure o£ ribonucleic acid (RNA) and de- 
oxyribonucleic acid (DNA) and ¡s thus crucial to the proper functioning of the 
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genetic machinery of the cell. Also, adenosine diphosphate (ADP) and adeno- 
sine triphosphate (ATP, shown in Structur€e 31-I) exist mainly as I:l complexes 
with the magnesium ion. Magnesium also has a unique role in the plant king- 
dom as the central atom of chlorophyll, which wIll be discussed in Section 31-4. 


NH, 


N ẰNN 
Z 
cT } 


HO (OH 
31-1 


Metdlloporphyrins 


One of the most important ways in which metal ions are involved in biochemistry 
is in complexes with a type of macrocyclic ligand called a øørbhyrn. Porphyrins 
are derivatives of øørph¿»e. They differ in the arrangement o£substituents around 
the periphery. The porphine molecule is shown ín Fig. 31-1 (2), and the two most 
important metal complexes of porphyrins, e/iorophyland heme, are shown in Flg. 
31-1(ð) and (¿). In these complexes the inner hydrogen atoms have been dis- 
placed by the metal ions. 


Chlorophyll 


There are several very similar but not identical chlorophyll molecules. Green 
plants contain two and various algae contain others. Notice that in Eig. 31-1(ð) 
the basic porphine system has been modified in two ways. In pyrrole ring IV, one 
of the double bonds has been trans-hydrogenated, and a cycÌlopentanone ring 
has been fused to the side of pyrrole ring III. Nevertheless, the fundamental 
propertiles of the porphine system are retained. 

Photosynthesis is a complex sequence o£ processes in which solar energy is 
first absorbed and ultmately-—in a series of redox reactions, some of which pro- 
ceed ín the dark——used to drive the overall endothermic process of combining 


water and carbon dioxide to give glucose; molecular oxygen is released simulta- 
neousÌy: 


6 CO; + 6 H,O = CgH,¿O¿+6O, _. (31-4.1) 


The function of the chlorophyll molecules in the chloroplast is to absorb 
photons in the red part of the visible spectrum (near 700 nm) and pass this en- 
ergy of excitation on to other specles in the reaction chain. The ability to absorb 
the light ¡s due basically to the conjugated polyene structure of the porphine 
ring system. The role of the magnesium ion is, at least, twofold. (1) It helps to 
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HÀ VH 
HạC CH;CH;CO;R 
(a) () 


CH; 
". 
CH;—HC ... 
H;C CH,CH;COz 
H,C CH,CH,CO; 


(c) 


Figure 3T-ï (2) The prototype porphine molecule. () One of the chlorophyll mol- 
ecules. (2) The heme group. 


make the entire molecule rigid so that energy 1s not too easily lost thermally, that 
1s, degraded to molecular vibrations. (2) It enhances the rate at which the short- 
lived singlet excited state initially formed by photon absorption is transformed 
into the corresponding triplet state, which has a longer lifetime and thus can 
transfer its excitation energy into the redox chain. 

At an early stage of the electron-transfer sequence that leads ultimately to 
the release of molecular oxygen, a polynuclear manganese complex, of un- 
known composition, undergoes reversible redox reactions. At sull other stages, 
iron-containing substances, called cytochromes and ferredoxins, and a copper- 
containing substance, called plastocyanin, also participate. Thus, photosynthesis 
requires the participation of complexes of no less than four metallic elements. 


Heme Proteins 


Iron is certainly the most widespread of the transition metals in living systems. Ïts 
compounds participate in a variety of activities. The two main functions of iron- 
containing materials are (1) transport Of oxygen, and (2) medliation in electron- 
transfer chains. So much ïiron is required for these purposes that there is also a 
chemical system to store and transport iron. We turn first to compounds ín 
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which the iron is present as heme, the porphyrin complex đepicted in Fig. 31- 
1(2. The heme group functions in all cases in intimate association with a pro- 
tein molecule. The chief heme protelns are 


1. Hemoglobins 

2. Myoglobins 

3. Cytochromes, including a special type, P-450 
4. Enzymes such as catalase and peroxidase 


Hemoglobin and Myoglobin 

These are closely related. Hemoglobin has a molecular weight of 64,500 and 
consists of four subunits, each containing one heme group. Myoglobin is very sim- 
ilar to one of the subunits of hemoglobin, one of which ¡s shown in Flig. 31-2. 
Hemoglobin has two functons. (1) It binds oxygen molecules to its Iron atoms 
and transports them from the lungs to muscles where they are delivered to myo- 
globin molecules. These store the oxygen unHiÏ it is required for metabolic ac- 


Figure 31-2 A representation of one of the four subunits of 
hemoglobin. The continuous black band represents the peptide 
chain and the various sections of the helix. Dots on the helical 
chain represent œ-carbon atoms. The heme group is near the 
top of the diagram (Just to the right of center), with the iron 
atom represented as a large dot. The coordinated histidine is la- 
beled F8, meaning the 8th residue of the F helix. [This diagram 
was adapted from one kindly provided by M. Perug.] 
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tion. (2) The hemoglobin then uses certain amino groups to bind carbon diox- 
ide and carry it back to the lungs. 

The heme group is attached to the protein in both hemoglobin and myo- 
globin through a coordinated histidine-nitrogen atom (F8), shown in Fig. 31-2. 
The position trans to the histidine-nitrogen atom is occupIed by a water mole- 
cule in the deoxy species or O¿ in the oxygenated species. The structure of the 
Fe—O; grouping is still uncertain, but changes in the oxidation state ofiron and 
the introduction ofO; (and other ligands) cause important changes in the struc- 
ture of heme, as we describe here. 

Hemoglobin is not simply a passive container for oxygen but an intricate mol- 
ccular machine. This may be appreciated by comparing its affiinity for O; to that 
of myoglobin. For myoglobin (Mb) we have the following simple equilibrium: 


Mb+O,=MbO, K= (31-4.9) 
[Mb][O,] 


If ƒ represents the fraction of myoglobin molecules bearing oxygen and Prep- 
resents the equilibrium partial pressure of oxygen, then 


.. __KP : 
SE tôợng Xung (31-4.3) 


Thịs Is the equation for the hyperbolic curve labeled Mb in Eig. 31-3. 
Hemoglobin with its four subunits has more complex behavior; it approximately 
follows the equation 


KP" 


= „~ 9.8 (31-4.4) 
1+KP” 


tà 


where the exact value of z depends on pH. Thus, for hemoglobin (HB) the oxy- 
gen-binding curves are sigmoidal, as is shown in Fig. 31-3. The fact that ø ex- 
ceeds unity can be ascribed physically to the fact that attachment of Ô; to one 
heme group increases the binding constant for the next O;, which in turn in- 
creases the constant for the next one, and so on. 

Although Hb is about as good an O; binder as Mb at hiịgh Ô¿ pr€ssure, it is 
much poorer at the lower pr€sSures prevailing In muscle and, hence, passes on 
its oxygen to the Mb as required. Moreover, the need for O; will be greatest in 
tissues that have already consumed oxygen and simultaneously have produced 
CO;. The CO; lowers the pH, thus causing the Hb to release even more oxygen 
to the Mb. The pH-sensitivity (called the Bohr effect), as well as the progressive 
increase of the O; binding constants in Hb, is due to interactions between the 
subunits; Mb behaves more simply because it consists of only one unit. Ít is clear 
that each of the two is essential in the complete oxygen-transport process. 
Carbon monoxide, PF;, and a few other substances are toxic because they be- 
come bound to the iron atoms of Hb more strongly than O;; their effect is one 
of competitive inhibition. 

The way in which interactions between the four subunits in Hb give rise to 
both the cooperativity in oxygen binding and to the Bohr effect (pH depen- 
dence), both of which are so essential to the role played by Hb, is now pardy un- 
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Figure 31-3 The oxygen-binding curves for myoglobin (Mb) 

and hemoglobin (Hb), showing also the pH dependence for the 

latter. 


đerstood. The mechanism is very intricate, but one essential feature depends di- 
rectly on the coordination chemistry involved. Deoxyhemoglobin has a high- 
spin distribution of electrons, with one electron occupying the đ„z_„› orbital that 
points directly toward the four porphyrin nitrogen atoms. The presence oÊ this 
electron in effect increases the radius of the iron atom in these directions by re- 
pelling the lone-pair electrons o£ the nitrogen atoms. The result is that the iron 
atom actually lies about 0.7-0.8 Ä out of the plane of these nitrogen atoms, in 
order that it not be in too close contact with them. The iron atom 1s also coOr- 
dinated by a nitrogen atom on the imidazole ring o£ the amino acid histidine, la- 
beled F8 in Fig. 31-2. Thus the iron atom 1n deoxyhemoglobin has square pyra- 
midal coordination, as 1s sShown in Fig. 31-4(a). 

When an oxygen molecule becomes bound to the iron atom, it occupies a 
posiion opposite to the imidazole-nitrogen atom. The presence of this sixth li- 
gand alters the strength of the ligand field, and the iron atom goes into a low- 
spin state, in which the six đ electrons occupy the đ.„ đ„„ and đ,„ orbitals. The 
đ„;_„› orbital 1s then empty and the previous effect of an electron occupying this 
orbital in repelling the porphyrin nitrogen atoms vanishes. The iron atom is thus 
able to slip Into the center ofan approximately planar porphyrin ring and an es- 
senfially octahedral complex is formed, as shown in Fig. 31-4(ð). 

As the iron atom moves, it pulls the imidazole side chain of histidine F8 with 
it, thus moving that ring about 0.75 Ả. Thịs shift is then transmitted to other 
p2rts of the protein chain to which F8 belongs and, in particular, a large move- 
ment o£ the phenolic side chain o£ tyrosine HC2 is produced. From here various 
shifts of atoms in the neighboring subunit are caused, and these shifts influence 
the oxygen-binding capability of the heme group in that subunit. Thus the move- 
ment of the iron atom of the heme group in one subunit of hemoglobin acts as 
a kind of “trigger,” which sets into motion extensive structural changes in other 
subunIts. 

One of the interesting problems about oxygen binding by hemoglobin con- 
cerns the structure of the EFe-O; grouping. Three possIbilities are shown in Fig. 
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Figure 3†-4  (z) The five-coordinate, high-spin 
Fe! in deoxyhemoglobin. (j) The six-coordinate, 
low-spin iron in oxyhemoglobin, showing the dis- 
tance that the side-chain histidine residue E8 has 
moved upon oxygenation. 


31-5. The linear geometry has no precedent and is least probable. The side-on 
arrangement is found in some simple Ô¿ complexes involving other metals, such 
as (PPh;)„ClIrOs, but ¡is very unlikely for hemoglobin. The bent chain appears 
most probable, since Ô; is isoelectronic with NO”, and since the latter forms 
complexes with bent Co! —N—O chaïns. Also, there 1s one fairly good model 
compound, an iron(II)porphyrin complex of Ô;, in which the bent arrange- 
ment has been found. 

Recent X-ray studies on both Mb(O,) and Hb(O.)„ indicatcd that O; binds 
in the bent end-on fashion, with an Fe—O——-O angle of approximately 1307”. 


Hemoglobin Modeling 
The ability of the heme in hemoglobin or myoglobin to bínd an O; mole- 
cule and later release it without the iron atom becoming permanently oxidized 
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Figure 31-5  Threc 
conceivable Ô;¬iron 
bonding geometries for 
hemoglobin or myoglo- 
bin. 


to the iron(HT) state is obviously essential to the functioning of these oxygen car- 
riers. This remarkable ability has been taken for granted in the preceding dis- 
cussion, but it merits further discussion. It is the reversibility o£ the hemoglobin 
and myoglobin reactions with O; that must be matched by any useful model. 

Early attempts to employ simple Fe”—porphyrin complexes, or even free 
heme itself, plus an aromatic amine molecule (to take the place of the histidine 
F8) were not successful. On exposing such a “model” to O©;, oxidation (rather 
than oxygenation) occurred promptly and irreversibly. Oxygen was absorbed, 
but not released. The reason for this is now understood: Dioxygen reacts to pro- 
duce an O-bridged dinuclear complex of iron(I), as in Reaction 31-4.5. 


2(Amine)Fe + 3 O¿——> (Amine)Fe—O——Fe(Amine) (31-4.5) 


In hemoglobin and myoglobin, the bulk of the protein surrounding the heme 
unit assures that each heme unit remains isolated. To have an effective model, 
something must be added to the simple iron-porphyrin to accomplish this same 
degree of bulk. The two ways in which this has been done are represented 
schematically in Eig. 31-6 and then more realistically in Fig. 31-7. Model com- 
pounds such as those shown in Eig. 31-7 do engage in reversible oxygen binding, 
quite similar to the behavior of myoglobin. In the two examples shown in Fig. 3l1- 
7, a suitable amine (such as pyridine) is bound on the unprotected side, and the 
O; molecule then enters either between the “pickets” or under the “cap,” where 
1t 1s bound end-on to the iron atom. 


Fe< 
Base Base 
Picket fence Capped 


Figure 3]-6 Schematic representations of 
two ways in which hemelike models may be 
modified to preclude dimerization via I—O 
bridging. 
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Figure 31-7 Actual examples of (2) the “picket fence” and () the 
“capped” types of heme models. 
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Other Heme Proteins 

It is a fascinating fact that heme, the iron-porphyrin complex shown in Flg. 
31-1(©), functons in Nature for a number of other tasks in addition to Carrying 
oxygen. We shall not go into any of these in detail, but they should at least be 
mentioned since inorganic chemists have contributed to our understanding of 
all of them, both through research on the natural materials themselves, and 
through fabrication and study of model systems. 


Cytochrơmes. Cytochromes are found in both plants and animals and serve 
as electron carriers. They accept an electron from a slighy better reducing 
agent and pass it on to a slightly better oxidizing agent. In the cytochromes, the 
heme iron is coordinated by a nitrogen atom of an imidazole ring on one side 
of the porphyrin plane, and it is coordinated on the other side of the porphyrin 
plane by the sulfur atom of a methionine residue from a different part of the 
protein backbone. Thus the potential oxygen-carrying capacity of the heme in 
cytochromes is blocked. 


Cytochrơme P~450 Enzymes. These enzymes are heme-containing oxygenases 
that catalyze the introduction of oxygen atoms into substrates. Of the many pos 
sible substrates, the most important are molecules in which C—H groups are 
converted into C—OH groups. The catalytic cycle entails a substance in which 
the iron atom attains a high (IV or V) oxidation state. The coordination sphere 
of the iron atom includes, in addition to the porphyrin ring, one sulfur atom, but 
whether the sixth coordination position is occupied by a water ligand or Is vacant 
in the resting enzyme 1s uncertain. 


Peroxtdases and Catalases. Peroxidases catalyze the oxidation of a varlety of 
substances by peroxides, mainly H;O;. Catalases catalyze decomposition of HạO; 
(and some other peroxides) to HạO and O;. They have many similarities both in 
structure and in aspects of their mechanisms. They both have high-spin ferric 
heme groups lodged deeply in large protein molecules, with a histidine nitrogen 
atom occupying the fifth coordination site. The sixth coordination position may 
be occupied by a water ligand in the resting enzyme. There is growing evidence 


that a porphyrin—Fe'“=O substance is the key intermediate in the function of 
peroxidases and catalases. 


Iron-Sulfur Proteins 


Iron-sulfur proteins contain strongly bound, functional iron atoms, but not por- 


phyrins. The iron atoms are bound by sulfur atoms. These proteins all partici- 
pate in electron-transfer sequences. 


Rubredoxins 


These are found in anaerobic bacteria where they are believed to participate in bi- 
ological redox reactons. They are relatively low-molecular weight proteins (~ 
6000), and usually contain only one iron atom. In the best characterized rubre- 
doxin, from the bacterium Cỉosfrđdzm ?asteurtanum, the iron atom, which is nor- 
mally in the HI oxidation state, is surrounded by a distorted tetrahedron of cysteinyl 
sulfur atoms. The Fe—S distances range from 92.24 to 9.33 Ả, and the S—Fe—S an- 
gles from 104 to 114”. A schematic representation of thìs is given in Fig. 31-8. When 
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the Fe” is reduced to Fe”, there is a slight (0.05 Ä) increase in the Fe—S distances, 
but the essentially tetrahedral coordination is maintained. Mössbauer Sp€CtrOSCODy 
has shown that the iron is in the highspin condidon in both oxidation states. 
Inorganic chemists have prepared and studied [Fe(SR)„]?- and [Fe(SR)¿]” com- 
plexes as models to help understand the properties of the rubredoxins. 


Ferredoxins 


Ferredoxins are also relatively small proteins (6000-12,000) that contain 
iron-sulfur redox centers that are held in place by bonds from cysteine sulfur 
atoms to iron. The difference from rubredoxin is that here the redox centers are 
clusters of two, three, or four iron atoms, together with several sulfur atoms (so- 
called inorganic sulfur). In each case, an approximate tetrahedron of sulfur 
atoms is completed about each iron atom by the sulfur atoms Of cysteine residues 
of the peptide. These systems are generally called ferredoxins and are often ab- 
breviated EFd. 

The two-iron Fd”s, complete with their attached cysteine sulfur atoms, can be 
described as two tetrahedral FeS„ units sharing an edge. In a convenient nota- 
tion, the two-iron clusters can be represented as [2Fe-2S]””*. They have relatively 
simple behavior. Their normal state is [2Fe-2S]?* [meaning that both iron atoms 
are iron(H]) ], but they can be reduced at potentials similar to that of the stan- 
dard Hˆ/H; electrode (¡.e., -0.4 V on the hydrogen scale) to [2Fe-2S]”. 

Several kinds of spectroscopic evidence indicate that in the reduced 
[2Fe-2S]T cluster, the added electron is localized on one iron atom, so that one 
Fe” and one Fe” atom are present. In the [2Fe-2S]?” cluster, the Fe-Fe distance 
is only 9.72 Ả, and the two formally high-spin (đŠ) iron atoms have their mag- 
netic moments so strongÌy coupled antiferromagnetically that the cluster is dia- 
magnetic. Upon reduction to give [2Fe-2S]”, this coupling persists, and the 
[2Fe-2S]†? cluster has only one unpaired electron. This has been very helpful, 
since it means that ESR detection of the reduced cÏuster 1s quite easy. 


2 Amino acid 
Cysteine 
RS 
`, S 
SR 
bề | Fe .: 
28 Amino 
h =“. 
acid residues E ` Bề Đ 
ZAWSGSGSE.- sr Fe 5 
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Cysteine 2 Amino acid 
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(ơ) () 


Figure 31-8 (2) The environment of the iron atom in the rubredoxin molecule. () The Fe¿S„ 
cluster found in the four-iron ferredoxins and HiPiPs. The thiolate side-chains of cysteines are rep- 


resented by RS. 
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In recent years it has become known that there are mportant Fd”s that con- 
tain three-iron clusters, which have the general Structure 31-HI. The structure 1S 
a fragment of the four-iron cÌuster structur€ (31-IV) and the [3Fe-4S] ® tnit can 
have oxidation states corresponding to ø = +1, 0, and -]. 


Fe S Fe S 
———Fe” SZ—-_—FeZ 
S § seeeeeeerelrereee Fe 
Fe“ S Fe“ gướ 
3111 31-IV 


The four-iron Ed”s, which contain [4Fe-4S]”*” clusters appear to be more 
common than the two-iron or three-iron ones, and they have quite complex be- 
havior. In biological systems they have three oxidation levels, giving the charges 
of +3, +2, or +l. In any given system, though, only one pair o£ these charge types 
is employed. For many of these the normally isolated substance contains a dia- 
magnetic [4Fe-4S]#* cluster; this can be reversibly reduced at about —0.4 V (vs. 
the hydrogen electrode) to give [4Fe-4S]”, which has one unpaired electron. 

One particularly important class of four-iron Fd”s are sometimes called bzgh- 
Đotential tron—sulfur protzims (abbreviated HiPIP). Here the operative redox cou- 
ple, at about +0.75 V is between the clusters [4Fe-4S]”* and [4Fe-4S]?'. The 
redox behavior of both HiïPIPs and other Fd”s is summarized in Reaction 3]1-5.], 


+e- +e- 
[4Fe-4S]?* —— [4Fe-4S]?” —— [4Fe—-4S] * (31.5.1) 
=C .=- 
S=i‡ S=0 S=jorŠ 
~+0.35 V ~+0.40 V 


HiPIP couples other Fd couples 


where the redox potentials are given in volts (V) against the standard hydrogen 
electrode. 


Let us now emphasize a very important poïnt, for which there is not yet a 
generally accepted explanation. Both HIPIP and the other Fd”s are normally iso- 
lated with the [4Fe-4S]Z* cluster. For the latter, a reversible, one electron re- 
duction occurs at about -0.40 V, but reversible 'oxidation to the 3+ level has 
never been accomplished. Conversely, reversible one-electron oxidation readily 
occurs for HiPIPs, but reduction can be achieved only under forcing conditions 
having no relevance to the biological situation. Ungquestionably, however, the 
[4Fe-4S]?? clusters in the two types of compounds are the same. What, then, 
causes the marked difference in their redox behavior? 

Two hypotheses are under consideration. One focuses on the number of hy- 
drogen bonds from surrounding protein NH groups to cysteinyl sulfur atoms. 
There appear to be about twice as many of these for the usual Fd than for a 
HIPIP; thus reduction (the introduction of negative charge) would be preferred 
for a usual Fd. À second hypothesis is that oxidation and reduction of the 
[4Fe—-4S]?* cluster lead to different sorts of structural deformations, and that 
the protein conformations about the cluster in usual Ed's and HiPIPs differ so as 
to favor the reductively induced changes in the Ed case and the oxidatively In- 
duced ones in the HIPIP case. This is a fascinating question which will, no doubt, 
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be resolved as better structural data are obtained and, perhaps, as model systems 
become better characterized. 

The study of ferredoxin biochemistry provides a classic example of how inor- 
ganic chemists can use model systems to investigate complex biological processes. 
It has been possible to synthesize compounds containing [Fe,S„(SR)„]7~ anions 
that are very similar in many aspects (especially structural ones) to the [4Fe—4S]”? 
clusters that are bonded to the four cysteinyl sulfur atoms of the peptide chain. By 
treating ferredoxins with solutions of mercaptides, RS, it is even possible to ex- 
tract the [4Fe—4S]?* clusters from the protein and capture them as [Fe„S„(SR)„] =n 
anions. 


Hemerythrin 


In anumber of marine worms, there exists a different solution to the oxygen car- 
rying problem. Again, the active metal is iron, but the rest of the picture is quit© 
different: no porphyrin ligand is involved, and two iron atoms are required to 
bind one molecule of O;. The full details of how the active site of a hemerythrin 
actually works are still incomplete, but there is good evidence (not conclusive, 
however) that the process goes according to the scheme shown ¡in Elig. 31-9. 

The two-iron active site has the iron atoms connected by three bridging 
groups, two of which are carboxyl anions from the side chains of glutamic and 
aspartic acid residues. The other bridging ligand is either O” or OH-, but prob- 
ably OH-. All of the remaining ligands (which complete an octahedron about 
one iron atom and a type of ñve-coordination about the other iron atom) are im- 
idazole nitrogen atoms from histidine residues. The possibility that a sixth ligand 
(very weakly held) may be present at the second iron atom cannot be entirely 
ruled out. 


31-V 


Spectroscopic evidence shows that the oxygen is definitely bound in a per- 
oxo form, with the two oxygen atoms not equivalent. Ít is virtually certain that it 
occupies the position shown in Flg. 31-9(), but the ñner details, such as the 
OO—H - - - O hydrogen bond, are speculative. 

To develop a better understanding of the interactions between the two iron 
atoms in the active site of hemerythrins, several model systems, of the type shown 
in structure 31-V, have been synthesized. In these models, the bridging carboxyl 
groups are derived from acetic acid, and the nitrogen atoms are supplied by trr- 
dentate triamines whose conformations cause them naturally to occupy threc 


mutually œs posidons. 


74A 


31-7 


Chopter3l /  Bioinorganic Chemisiry 


N(his-73) 
N(his-77) 


` 
O 


— 
HO C— (gu-58) + O; ——> 
\ ch 


(his-101)N 


(asp-106) — CC 


N N(his-54) 
(his-25) 


Figure 31-9 A possiblc description of the mode of oxygen binding by 
hemerythrin. 


Iron Supply and Transport 


Iron metabolism requires provision for storing and transporting iron. In humans 
and in many other higher animals the storage materials are #rrin and bemo- 
siderin. These are present in liver, spleen, and bone marrow. Ferritin is a water 
soluble, crystalline substance consisting of a shell, or sheath, of protein sur- 
rounding a spherical core that contains the iron. The điameter of the core varies 
from 40 to 88 Ả, and may contain up to 4500 iron atoms, having a composition 
closely approximaung (FeOOH);'FeO-H;PO,. The diffracton pattern of this 
core is similar to that of the substance ferrihydrite, 5Fe¿O;:9H,O, which is 
formed when NH,OH ¡s added slowly to a solution of ferric nitrate at 80-90 °C. 
The phosphate is not a part of the buÌk structure of the core, but appears to play 
some role in covering the iron particles of the core and perhaps attaching them 
to cach other and to the protein sheath. Up to 23% of the dry weight may be 
Iron. The protein portion alone, called zøo/rriin, is stable, forms crystals suit- 
able for Xray difraction, and has a molecular weight of about 45,000. 
Hamosiderrn contains larger proportions of hydrous metal oxide, but is rather 


variable in composition and properties. It is poorly understood compared to fer- 
riữn. 
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The manner in which the iron enters and leaves ferritdin is not well under- 
stood. The core can be formed only from aqueous iron(II), so that oxidation to 
give the correct proportion of iron(III) must accompany, or follow, incorpora- 
tion in the core. Iron release is controlled by the protein sheath and can occur 
very rapidly when necessary. 

Transferrin 1s a protein that binds iron(III) very strongly, and transports it 
from the stomach to the iron metabolic processes of the body. As iron passes 
from the stomach (which is acidic) into the blood (pH = 7.4), it is oxidized to 
Fe” in a process catalyzed by the copper metalloenzyme ceruloplasmin, after 
which it is picked up by transferrin molecules. These are proteins with a molec- 
ular weight of about 80,000, and they contain two similar but not identical sites 
that bind iron tightly but reversibly in the presence of certain anions such as 
COš_ and HCO¿. The binding constant is approximately 10?5, making transfer- 
rin an extremely efficient scavenger of iron. Eventually transferrin becomes 
bound to the cell wall of an immature red cell, which utilizes the iron. 
Transferrin also carries iron to ferritin, the process of iron(H) transfer being a 
complex one requiring ATP and ascorbic acid. 

In microorganisms, iron Is transported by substances called ƒœrrichromøs and 
#rrioxam¿nes. The former are trihydroxamic acids in which the three hydroxam- 
ate groups are on three side chains of a cyclic hexapeptide. The latter have the 
three hydroxamate groups as part of the peptide chain, which may be cyclic or 
acyclic. Typical structures are shown ¡in Fig. 31-10. 

The importance of these compounds derives from their exceptional ability 
to chelate iron(III) and then pass through cell membranes, thus carrying iron 
from inorganic sources, such as FezO,x H;O, to points of need in the cells. 


The Bioinorgonic Chemistry of Cobolt: Vitamin B;; 


The best-known biological function of cobalt is its intimate involvement in the 
coenzymes related to vitamin B¡;, the structure of which is shown in Eïg. 31-11. 
This structure is not as overwhelming as it might seem at first glance. Ít consists 
of four principal components: 


1. A cobalt atom. 

2. A'macrocyclic ligand called the cơ: ring, which bears various sub- 
stituents. The essential corrin ring system is shown in bold lines. Ít re- 
sembles the porphine ring, but differs in various ways, notably in the ab- 
sence of one methine (=CH—) bridge between a pair of pyrrole rings. 

3. A complex organic portion consisting ofa phosphate group, a sugar, and 
an organic base, the latter being coordinated to the cobalt atom. 

4. A sixth ligand may be coordinated to the cobalt atom. Thịis ligand can be 
varied, and when the cobalt atom is reduced to the oxidation state +Ï, it 
is evidently absent. 


The entire entity shown in Fig. 31-11, but neglecting the ligand X, ¡s called 


cobalamin. 
The term vitamin B¡; refers to cyanocobalamin, which has cobalt in the +3 


oxidation state and CN- as the ligand X. The cyanide ligand is introduced dur- 
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Figure 31-10 (a¿) A typical ferrichrome. (7) Typical struc- 
ture of an acyclic ferrioxamine. 


¡ng the isolation procedure and is not present in any active form of the vitamin. 
In the biological system, the ligand X is likely to be HO mụuch of the time, but 
another possibility, which has been identified by actual isolation of the complex, 
is the 5~deoxyadenosyl radical, as shown in Fig. 31-12. The particular coenzyme 
in which this is found was the first organometallic compound to be observed in 


a living system. 


The B;; coenzymes act in concert with a number of enzymes, but the best 
studied systems involve the dioldehydrases, where reactions such as 31-8.1 are 


catalyzed. 
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Figure 31-1T The structure of cobalamin. The corrin ring is shown in heavy line. 


RCHOHCH,OH ——› RCH;CHO + H;ạO (R=CH;ạorH) (31-8.1) 


From studies of the nonenzymic chemistry of B¡; coenzymes and of model 
systems noted below, a body of knowledge about fundamental B¡; chemistry has 
been built up. Some of this chemistry undoubtedly plays a role ïn its aCtiViti€s as 
a coenzyme. The cobalamins can be reduced in neutral or alkaline solution to 
gIve cobalt(H) and cobalt(I) species, often called B;;„ and B¡;, respectively. The 
latter is a powerful reducing agent, decomposing water tO give hydrogen and 
B¡„„. These reductions can apparently be carried out ? z0 by reduced ferre- 
doxin. When cyano- or hydroxocobalamin is reduced, the ligand (CN" or OH) 
is lost, and the resulúng ñve-coordinate cobalt(I) species reacts with ATP in the 
presence o£ a suitable enzyme to generatc the B¡; coenzyme. 

In nonenzymic systems, rapid reaction of Bị;, OCCUTS with alkyl halides, 
alkynes, and the like, as shown in Reactions 31-8.2 to 31-8.4, where [Cb] repre- 
sents the cobalamin group. Methylcobalamin has an extensive chemistry, some 
of which is involved in the metabolism of methane-producing bacteria. Ít trans 
fers CH; groups to kế" T5, PEyfđ Aut, It is, evidently, in this way that certain 
bacteria accomplish their unfortunate feat of converting relatively harmless ele- 
mental mercury, which collects in sea or lake bottoms, into the exceeding toxic 


methylmercury ion CH;Hg”. 
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Figure 31-12 The 5“-deoxyadenosyl 
group that may constitute the ligand 
Xin Eig. 31-11. 


HC=CH CH=CH; (31-8.) 
[Cb] 
RBr R (31-8.3) 
Bạụa, | - 
[Cb?]Br 
BrCN CN (31-8.4) 


[Cb*]Br” (cyanocobalamin, B¡;) 


A number of models for vitamin B¡; have been synthesized and studied. The 
best known are the bis(dimethylglyoximato) complexes, an example of which is 
shown in Fig. 31-13. This and other models have as their essential feature a pla- 
nar tetradentate ligand with amido-type nitrogen atoms. Many of these quite suc- 
cessfully model the reducibility to the cobalt(T) state, as well as the formation 
and reactions of the key cobalt-carbon bonds. 

Ít is interesting that cobalt porphyrins are not very good models for B¡; since 
they cannot be reduced to the cobalt(I) state under conditions where vitamin 
Bạa, 1s obtained. Thịs inability of the porphyrin ligand to stabilize the cobalt(I) 
specles may be a reason why the corrin ring system was evolved. 


Metơlloenzymes 


Enzymes are large protein moiecules so built that they can bind at least one re- 
actant (called the substrate) and catalyze an important biochemical reaction. 
These compounds are extremely efficient as catalysts, typically causing rates to 
increase 10 times or more compared to the uncatalyzed rate. They are also usu- 
ally highly specific, catalyzing only one, or a few reactions, rather than all those 
Of a given class. 

Some enzymes incorporate one or more metal atoms in their normal struc- 
ture. The metal ion does not merely participate during the tỉme that the en- 
zyme-substrate complex exists, but is a permanent part of the enzyme. The 
metal atom, or at least one of the metal atoms when two or more are present, oc- 
Curs at Or very near to the active site (the locus of the bound, reacting substrate) 


and plays a role in the activity of the enzyme. Such enzymes are called ?mefalloen- 
zym¿s, and at least 100 have been identified. 
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Figure 31-13 A cobaloxime, or bis(dimethylglyoxi- 
mato)cobalt complex, which is a model for 
cyanocobalamin, vitamin B;;. 


The following metals are most often found in metalloenzymes, especially the 
last three: Mo, Ca, Mn, Fe, Cu, and Zn. Although Co?* can often be made to re- 
place Zn?† in zinc metalloenzymes, with retention or even enhancement of ac- 
tivity, the actual presence of Co" in the native enzymes is rare. 


Zinc Metdlloenzymes 


No less than 30 zinc metalloenzymes are known. TWwo of the most important, Or 
at least best studied, are the following: 


Carbowic anhydrase (MW = 30,000; 1 Zn): 


This enzyme occurs in red blood cells and catalyzes the dehydration of the 
bicarbonate ion and the hydration of CO; according to Reaction 31-9.1. 


OHF +CO; = HGO; (31-9.1) 


These reactions would otherwise proceed too slowly to be compatible with phys 
iological requirements. 


Carboxybeabftdase (MW = 34,300; 1 Zn): 


This enzyme in the pancreas of mammals catalyzes the hydrolysis of the pep- 
tide bound at the carboxyl end of a peptide chain, as in Reacton 31-9.2. 


—R"CH—C(O)NH—CHR—C(O)NH—CHRCO¿ + HạO —> 
—R"CH—C(O)NH—CHR—CO; + HạN'*CHRCO; (31-9.2) 


The enzyme has a particular preference for substrates in which the side chain R 
is aromatic, that is, —CH;C¿H; or —CH;CaH,OH. 


Figure 31-14 (z) A proposed mode of binding of the substrate in carboxypeptidase. The 
substrate 1s shown In heavy type and lines. The curved line schematically defines the “surface” 
of the enzyme molecule. (j) A possible fñirst step in the mechanism, wherein a carboxyl side 
chain attacks the carbonyl carbon atom, forming an anhydride. (c) Subsequent steps in the 
proposed mechanism, including hydrolysis of the intermediate anhydride and dissociation of 
the products from the active site. 
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The structure and main mechanistic features of carboxypeptidase have been 
clucidated. The zinc ion is bound in a distorted tetrahedral environment, with 
two histidine nitrogen atoms, one glutamate carboxyl oxygen atom and a water 
molecule as ligands. The binding of the substrate probably occurs as shown in 
Fig. 31-14(z). Notice that the carbonyl oxygen atom of the peptide linkage that 
1s to be broken has replaced the water molecule in the coordination sphere of 
the zinc ion. 

The key step in a possible, but speculative, mechanism ¡is shown in Eig. 31- 
14(). Once the peptide bond has been broken with formation of the acid an- 
hydride, rapid hydrolysis of the anhydride would occur, as in Fig. 31-14(e). The 
products would then vacate the active site, leaving it ready to bind another mol- 
ecule of substrate and repeat the cycle. 


Copper Metolloenzymes 


More than 20 of these have been isolated, but in no case is structure or function 
well understood. The copper enzymes are mostly oxidases, that is, enzymes that 
catalyze oxidations. Examples are (1) Ascorbic aœđ oxidase (MW = 140,000; 8 Cu), 
which 1s widely distributed In plants and microorganisms. It catalyzes oxidation 
Of ascorbic acid (vitamin C) to dehydroascorbic acid. (2) yfochrơme oxidase, the 
terminal electron acceptor in the oxidative pathway of cell mitochondria. This 
enzyme also contains heme. (3) Various fyros¿nasøs, whịch catalyze the formation 
of pigments (melanins) in a host of plants and animals. 

In many lower animals, such as crabs and snails, the oxygen-carrying mole- 
cule is a copper-containing protein jmooyamwn, whịch despite the name, contains 
no heme group. The hemocyanins represent the third system in Nature (besides 
hemoglobins and hemerythrins) for oxygen carrying from the point o£fintake to 
those tissues where O; is required. Like hemoglobin, hemocyanins have many 
subunits in the complete molecule and, therefore, exhibit cooperativity in O; 
binding. The active sites consist of two copper atoms (~ 3.8 À apart) that jointly 
bind one O; molecule. The way they do this apparently involves the conver- 
sion of the colorles Cu'..... Cu! deoxy center to a peroxide-bridged 
Cu" —O—O—Cu”", which is bright blue. 


Niirogen Fixdtion 


Elemental nitrogen (N;) is relatively unreactive. In order to “fix” nitrogen, that 
is, make nitrogen react with other substances to produce nitrogen compounds, 
it is generally necessary to use energy-rich conditons. High temperatures or 
electrical discharges can supply the necessary activation energy. However, prim- 
itive bacteria and some blue-green algae can fix nitrogen under mild conditions, 
that is, ambient temperature and pressure. Metalloenzymes play a key role in this 
prOCess. 


Bocteriol Niirogenose Syslems 


Our more detailed information about nitrogen fxation comes mainly from stud- 
ies of free-living soil bacteria. These can be cultured in the laboratory and es- 
sential components can be isolated and purifñed. Biological nitrogen fixation is 
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a reductive process. An important fact, which was established by using ĐT nã 
that the first recognizable product is always NHạ. Apparently, all intermediates 
remain bound to the enzyme system. 

It has been known since 1930 that molybdenum is essential for bacterial ni- 
trogen fixation, since this function can be turned off and on by removing and 
then restoring molybdenum to the environment. Magnesium and iron are also 
essenfial components. 

In 1960, the ñrst active cell-free extracts were prepared, and since then, ?- 
trogenases, as the enzymes are called, have been obtained in fairly pure condition 
from several bacteria. In each case the nitrogenase can be separated into two 
proteins, one with molecular weight of about 260,000 (the Fe-protein) and the 
other around 240,000 (the MoEFe protein). Neither of these proteins is separately 
active, but on mixing them activity is obtained immediately. The Fe-protein con- 
sists of two identical subunits that clasp a ferredoxin unit (Fe,S„) between them 
by forming Fe—S bonds to two cysteine residues in each subunit. It is believed 
that the Fe-protein plays its role by coupling electron transfer and hydrolysis of 
ATP, but that the actual conversion o£fN; to NH; is carried out at the active site 
of the larger protein, the MoFe-protein, so-called because it contains both 
mmolybdenum and ïron. 

Until very recently, there has been no direct indication of how the iron and 
molybdenum atoms are arranged in the MoEFe protein, nor did we have any com- 
pletely reliable knowledge of exactly how many of each type ofrnetal atom is pre- 
sent. However, in late 1992 an X-ray crystallographic study revealed a metal clus- 
ter arrangement, as shown in Fig. 31-15. 

This structure is still somewhat inaccurate and one of the bridging groups 
(Y) has not yet been conclusively identiied. Overall, the structure has had an 
enormous Impact. Previously, it had been correctly assumed that some sort Of 
mixed iron-molybdenum-sulfur specles was present, but it was also assumed that 
the molybdenum atom was the seat of reactivity, that is, the atom to which N; 
would first become attached and then reduced. In view of the apparent coordi- 
native saturation of the Mo atom and the possibility that the middle part of the 
cluster, where the two halves are Joined by the H-S, t-S, and H-Y linkages, might 
be capable of accepting the N; molecule and retaining the various intermedi- 
ates, the mechanism of action might be quite different from what was previousÌy 
Imagined. 
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Fig. 31-15 The Fe;Mo-sulfur cluster system, and its immediate surroundings, found in 
the MoFe-protein of nitrogenase. 
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STUDY GUIDE 


Scope œnd Purpose 


'Wc have sketched some important inorganic aspects of the chemistry of life. This 
has been an area of great recent interest among researchers, and new under- 
standings develop so frequently, that the reader should expect to consuÌt recent 
Journal articles for more up-to-date information. Continued study in the refer- 
ences provided under “Supplementary Reading” is highly encouraged. 


Thịis chapters major message is that the chemistry of life involves more than 


20 elements besides those traditionally treated in organic chemistry. Though 
these other elements tend to have limited roles, life processes require them just 
as sureÌy as they require proteins, carbohydrates, and lipids. 


Study Quesfiions 


A. 


1. 


Review 


Name four transition metals and two nontransition metals that play important roÌes 
in biological processes. 

Draw the structure of porphine and explain how the structures of heme and chloro- 
phyll are related to it. 

What role does the magnesium ion play in the functioning of chlorophyll? 

What constitutes a heme protein? Name three of them. 

What are the functions of hemoglobin and myoglobin? What are the principal simi- 
larities in their structures? 

'What changes occur in the heme groups of hemoglobin on going from deoxy- to OXy- 
hemoglobin? 

What is the structure of the redox center of HïPIP and of the 4-Fe and 8-Fe ferre- 
doxins? 


._ What functions do ferrichromes and ferrioxamines have? What are their chief chem- 


1cal features? 
State the main components of cobalamin. How do B¿;, B;z„ and B›;, differ? 


._What role does the zinc ion play in the action of carboxypeptidase? 
._ What is the principal function of nitrogenase? 
12. 


c. 
1. 


List the ways in which the cobaloximes resemble cobalamin. 


Quesfions from the Literdfure of Inorganic Chemisiry 


Consider the paper by J. Halpern, “Mechanisms of Coenzyme B¡zDependent 

Rearrangements,” Sœnez, 1985, 227, 869. 

(a)_ Whatis the significance of the observation that reactions involving the coenzyme 
Bị; give scrambling of the methylene hydrogens from the 5-deoxyadenosine of 
the coenzyme with the hydrogen atom involved in the migration [e.g., Éq. (1)] 
at the substrate? 

(b) Through what various spin states does the cobalt atom o£ the coenzyme Bị; 
progress during the operation of the mechanism shown in Elg. 2 of this article? 
What is the difference in the number of đ electrons on Bị; and Bị;„? 

(c) What factors are said to influence the critical cobalt-carbon bond dissociaton 
energies? 
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(d) What features do the “DH” and the “saloph” cobalt complex model systems have 
in common with the coenzyme Bị;? 

(e) What analogy does the author draw between the reversible cobalt~carbon bond 
dissociation of coenzyme Bạ; and the reversible binding of dioxygen as in Eqs. 
23 and 24: 

9. Consider the extensive work by J. P. Collman and students, represented by the fol- 
lowing paper, and the references therein: J. P. Collman, J. I. Brauman, B. I. Iverson, 
]J.L. Sessler, R. M. Morris, and Q. H. Gibson, J Am. Chem. Soc., 1983, 105, 3052. 

(a) What are the main similarities and differences, structurally, between the “picket 
fence” and “pocket” porphyrins that are described in this article? 

(b) How is solvation thought to reduce affinities for O; of the unprotected iron I) 
porphyrins? 

(c) What advantages in O; binding do the “picket fence” and “pocket” porphyrins . 
have over those iron(II) porphyrins that are “unprotected” from solvation e£ 
fects? ị 

(d) How do the O; and CO affinities of the “picket fence” porphyrins compare with 
those of the “pocket” porphyrins? 

(e) What geometries for M—O; and M—CO groups seem to make sense in ex- 
plaining the observations in (d)? 

3. Consider the work by J. Chatt on nitrogen fixation analogs: J. Chatt, A. J. Pearman, 
and R. L. Richards, J. Chem. Soc. Daltơn Trans., 1977, 1852. 

(a) The N; complexes reported here are protonated to give ammonia. How is this 
reaction of interest to the molybdenum nitrogenase systems? 

(b) In other studies mentioned in the introduction to this paper, other complexes 
were protonated to give not ammonia, but intermediate reduction products. 
Enumerate the findings concerning the formation of diazenido, diazine, and hy- 
drazido ligands. 

(c) What ¡is the difference between protonation of the N; ligand in complexes con- 
taining two bidentate dppe ligands and protonation of N; ligand in complexes 
containing four monodentate P(CH;);O¿H; ligands? What bonding arguments 
do the authors present to account for these differences? 

(d) At what stage do the authors propose a splitting of the N—N bond? When is this 
likely to occur in the overall stepwise process that is proposed? 

(e) How is the oxidation state of the metal at the end of reaction sequence (5) dif- 
ferent from the oxidation state that is likely in the enzymic system? How do the 
authors propose that the enzyme avoids this high an oxidation state? 
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Chapter 32 


THE INORGANIC 
SOLID STATE 


32-1 


32-2 


Introduction 


Why do we need a special chapter on the subject of solid substances? Because 
many solid substances differ fwdamenialh from gases and most liquids. Gases 
and most liquids consist of molecules (or atoms in the case of the noble gases). 
In gases the molecules are practically independent and the properties of a gas 
(except at extremely high pressures) are predictable from the properties OỀ its 
constituent molecules. For many liquids this is also at least approximately true, 
although the closer contacts between molecules in a liquid do introduce addi- 
tional factors. There are, of course, some liquids, for example molten salts or 
strongly hydrogen-bonded liquids such as water, that cannot be treated simply as 
collections of loosely interacting molecules. Finally, it is quite true that many 
solids consist exclusively of ordered (crystalline) arrays of molecules that make 
only van der Waals contacts with each other. These ?ol2ewlar sol¿ds pOse no spe- 
cial problems. Indeed, they are in some ways easier to understand than molecu- 
lar liquids because of the longrange order displayed. 

The special properties we need to deal with here are those found in solids 
that do øø consist simply of ordered arrays of small molecules, loosely touching 
each other. Instead, when the constituents of the solid are atoms or ions that 
make very strong contacts, either ionic or covalent, and have extended Interac- 
tỉons, the properties can only be understood as properties of a large array as a 
whole. We have already discussed in Chapter 4 certain aspects of one such cÌass, 
the ?ømic sobds. There is, however, more to say about them and there are other 
major types Of nonmolecular solids with properties of both theoretical and prac- 
tical importance. These other materials include polymers, metals, alloys, and in- 
ñnite covalent materials such as silicon, graphite, or ceramics. 

While it is true that inorganic solids have many useful properties of a me- 
chanical nature (think, for example, of portland cement or tungsten carbide), 
the more interesting important properties of solids are electrical, magnetic, and 
optical. The purpose of this chapter is to SurV€y this vast area from the point of 
view of the chemist, and particularly the inorganic chemist. Indeed, most solid 
state chemistry is inorganic chemistry because organic solids are nearly all mol- 
ecular. Organic polymers, Of course, are an exception to this generalization. 


Prepordtion of Inorganic Nonmoleculor Solids 


Molecular compounds are mostly prepared by a reaction in solution, with the 
solid product precipitating, either immediately, after cooling, or by evaporation 


ï 0" 


758 


Chopter32 / The Inorgoœnic Solid S†tale 


of the solvent. Such preparations are thus carried out, generally, under mild 
thermail conditions, limited by the boiling point o£ the solvent. 

Of course, a number of nonmolecular solids, for example, oxides and suk- 
fides of the transition metals, can also be prepared by precipitating them from a 
solvent—usually water. However, a large number of the most interesting inor- 
ganic compounds in the solid state, and especially in crystalline form, are pr€- 
pared by high-temperature (>500 °C) reactions. 

One of the simplest, but most widely used, procedures (often dismissivcly 
called “shake and bake”) involves intimately mixing two or more finely powdered 
starting materials, placing the mixture In a sealed inert container, and heating 
the entire container in an oven. The shortcomings of this approach are that it is 
often difficult to predict the stoichiometry of the product(s) and homogeneity 
is often difficult to achieve. Of course, once an interesting product has been 
identiied, it is usually possible to prepare it efficiently by mixing components in 
the exact corresponding proportions. Homogeneity can be increased by grind- 
ing the product of one reaction step and repeating the heating process. 

Many important and useful solids are made by the “shake and bake” tech- 
nique. The recently discovered Ögh-1zmerature suberconducfơrs provide excellent 
examples. A typical material of this class is made by the following reaction, in 
which it is also necessary to control the partial pressure of oxygen. 


Y,(CO;)s + 4 BaCO¿ + 6 CuCO; +‡ O„——> 9 YBazCu,O, + 13 CO,  (32-9.1) 


An intimate mixture of carbonates Is made by coprecipating them from an aque- 
ous solution of the three cations, YỶ*, Ba?*, and Cu". 

In many cases the formation of a product can be expedited by using a ƒuz. 
A fux is a substance that does not participate in the net reaction, but “lubricates” 
the process by increasing mobilities of the reactants. Shorter times, lower tem- 
peratures, and greater homogeneity can thus result. Sometimes traces o water 
have this effect, while in other cases substantial amounts of the flux (which is 
then in a sense a solvent) are used. For example, a “shake and bake” preparation 
of LiFe;O¿; by Reaction 32-2.2 requires much regrinding and refiring, but the ad- 
diton of a eutectic mixture of LiạSO„/NasSO, leads to a smooth, One-step reac- 
tion at about 800 °C. 


Li¿COs(s) + 5 FezOs(s) —> 9 LiFe;O,(s) + CO, (32-9.9) 


Other techniques that are important in synthesizing solid, nonmolecular in- 
Organic compounds include jydrothermal synthesis and uaborĐhase transbơrt. The 
former often employs supercritical water, that is, water contained in a closed, 
high-pressure reactor and heated above its triple point temperature (>373 °). 
One o£ the most important applications of hydrothermal synthesis 1s the manu- 
facture ofzeolitic aluminosilicates, although in many of these processes the tem- 
p€ratures are not supercritical. For example, the Important zeolite mordenite is 
made by frst preparing a precipitated gel formed from sodium aluminate, 
sodium carbonate, and silicic acid, with the desired ratio of AI to Si (about 1:5). 
Thịs gel is then heated with water in a closed autoclave at a temperature of about 
300 °C. On cooling, crystalline, hydrated mordenite, NazO-Al;O;-105iO,-6H,O, 
1s obtained. The water can be driven off to give the anhydrous material that is 
employed 1ndustrially. 
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Figure 32-Ï An example of vapor phase transport to produce a 
crystalline solid. Amorphous ZnŠ is transported as Znl; + § to rede- 
posit ZnS in crystalline form. 


Wabơr-phase transÐørt is a very useful technique for converting an amorphous 
solid to a crystalline one. A classic example is provided by Reaction (32-2.3) 


ZnS(s) + lạ= Znlạ +} S¿ (32-2.3) 


Amorphous ZnS and I; are placed in a sealed tube and the end of the tube con- 
taining the ZnS is placed in a zone of the furnace where the temperature is 
900 °C, while the other end of the tube is in a zone where the temperature, 
ramped down along the length of the tube, is 800 °C (Fig. 32-1). Because of the 
above reaction the original ZnS is transported as Znl; + š S; in the vapor phase 
to the cooler end of the tube where crystalline ZnŠ is deposited. 


Bonding in Infinite Arrdays 


In Chapter 3 we have seen how the increasing overlap of two orbitals, one on 
each of two atoms, as these atoms approach each other closelÌy, gives rise to a 
bonding molecular orbital (MO) and an antibonding MO. We have also seen 
that if we take three atoms we obtain three MO”s: one bonding, one antibond- 
ing, and a third one, lying between these in energy, that is approximately non- 
bonding. These two cases are simply the beginning ofa potentially infinite series 
in which the linear chain of atoms becomes ever longer. Let us suppose in these 
first two cases all atoms are H atoms, each of which has only a 1s orbital to use 
for bonding, and that the chain of three, as well as all longer chains, are linear 
and have uniform spacing. When there are four atoms in the chain we will ob- 
tain four MO°s; the results for H;, Hạ, and H¿ are shown in Fig. 32-2. general, 
a chain of ø atoms will give z MO's. The most stable one will always be the one 
in which all 1s orbitals have the same sign, since this gives the greatest total pos- 
itive overlap. The least stable MO will always be the one in which the signs alter- 
nate, since this gives the greatest total negative overlap. As the chain lengthens, 
these greatest + and — values increase slightly because greater numbers Of sec- 
ond, third, and so on, nearest neighbor contributions must be counted. 
However, since these longer range interactions are small and decay very rapidly 
with distances, the bottom and top energies approach asymptotic limits. Ït 
should be obvious that the distribution of energy levels as ø increases will be as 
shown in Eig. 39-3. When ø becomes very large, the large number of orbitals 
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Hạ Hạ Hạ 


Figure 32-2 The molecular orbitals formed by linear chains of H atoms (H;, H;, and 
NN 


packed between the upper and lower limits get so close together that they merge 
in the limit of zø —> s. We then refer to them collectively as a Öznd. Thịs is illus 
trated in Fig. 32-3. 

The case of a very long H„ chain 1s the simplest possible example of energy 
band formation: there is only one dimension and onlÌy one type of band (based 
on one type of atomic orbital). To deal with real solids, this simple model must 
be generalized in two ways: (1) Because, generally, atoms have more than one 
kind of valence shell orbital, there wïill be more than one sort of band, each with 
is own width and energy. (2) The one-dimensional picture must be developed 
1into a three-dimensional picture. 

With regard to the first point, the alkali metals illustrate the first step that 
may be taken to include more than one type of band, because here the valence 
shells include both øs and z orbitals, which have different energies. If the s2 
cnergy gap 1s sufficiently large, the result will be a separation between the s and 
the ø band, but if not, the two bands may overlap. The two possibilities are shown 
schematically In Fig. 32-4. In fact, the bands do overlap in metallic sodium. 

'With regard to developing a band picture in three dimensions, this would re- 
quire a mathematical derivation beyond the scope of this book. For our pur- 
pOoses, an explicit development is not really necessary. The general idea that what 


we have Just examined in a 1D structure will also happen in a 3D structure is su£- 
ficient. 


Incompletely Filled Bands: The Fermi Level 


Just as in the Billing of discrete orbitals in individual atoms, electrons occupy 
bands from the bottom up. If the solid is at the absolute zero, there will be a 
sharp cutofF when all the available electrons have been added. The highest oc- 
cupied level is called the Fzrm¿ izuel. Thịs is ïllustrated in Eig. 32-5(a). What is 
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Figure 32-3 A diagram showing how the distribution of energy levels in linear chains (H,) 
develops as  —> œ. 


shown in this ñigure corresponds to the situation we would expect for the s band 
in hypothetical metallic hydrogen. Since there is only one electron per atom, 
only one-half of the band can be filled. At temperatures above 0 K there will be 
a blurring of the electron energy distribution about the Fermi level, as shown in 
Fig. 32-5(0). 


More Redlistic Bœnds: Density of Stotes; Band Gdps 


So far, in our illustrations bands have been depicted in an extremely simpÌe way. 
For real energy bands the capacity to hold electrons is not uniform from top to 
bottom. This is indicated in realistic diagrams by employing the horizontal axis 
as a measure of the đensi#y øƒ sai (DOS). By this we mean the number of energy 
levels per unit of energy. Typically, for a 3D band formed from only one typ€ of 
atomic orbital on each metal atom, the density of states 1s greatest at the center. 
Thus, a more realistic diagram for hypothetical metallic hydrogen might be that 
shown in Eig. 32-6. When bands are completely nonoverlapping, as shown, there 
is an energy range in which the density of states is zero. This energy between the 
highest energy of one band and the lowest energy of the next 1s called a öand gaÐ. 

In most real substances, there are so many different kinds of orbitals that can 
overlap to form bands, that the energy band diagram becomes very elaborate, 
with many peaks and valleys in the DOS profile. À representative example 1s 
shown in Fig. 32-7. 


Metollic Conduction 


The situation we have just seen for hypothetical metallic hydrogen is character- 
istic of that for metals in general. The highest occupied energy band is not fully 
occupied and, hence, electrons are free to flow when a potential diference 1s ap- 
pled. 
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Figure 32-4  Two possibilites for the s and ø bands of 
an alkali metal: (4) narrow separated bands (with a band 
gap) and () wide overlapping bands. 


It is a well-known characteristic of metals, however, that their electrical con- 
ductance decreases as the temperature increases. Indeed, this type of tempera- 
ture dependence of the electrical conductance is often taken as the major defin- 
ing experimental criterion of a metal. Why should metals behave in this way? 
Naively, one might have guessed that since the electrons would become more 
mobile when thermal excitation is increased, increasing the temperature would 
cause greater conductance. There is, however, a muụch more important counter- 
valling effect. The ability of an electron to move through a solid in a partially 
filled band depends on the uniformity of the structure from which the band 
arises. In a perfectly ordered structure in which the atoms did not vibrate about 


(œ) (b) 


Figure 32-5 The Fermi level in a halffilled band at 
(2) the absolute zero and () at a higher temperature. 
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Figure 32-6  A Diagram of the sand ø bands of 
hypothetical metallic hydrogen showing a varia- 
tion in the density of states over the band ener- 
gles. 
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Figure 32-7 An cxample of the cal- 
culated band structure for a real sub- 
stance (MoS,). Filled bands are 
shaded. Note that there is only a small 
band gap, making MoS; an intrinsic 
semiconductor. 
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their mean positions, the maxinum mobility would occur. Actually, the atorms vi- 
brate about their mean positions even at 0 K, but as the temperature rises these 
vibrations become more and more violent and this disrupts the band structure. 
The net result is that it becomes harder for electrons to move as the temperature 
TÌS€S. 


Nonmetols: Insuldfors and Semiconduc†ors : 


Any substance in which there are only filled and empty bands, with a large en- 
ergy gap between the highest filled and the lowest unfilled band wIll be a non- 
conductor of electricity, that is, an ¿zs/zø: Application o£a potential điference 
to a filled band does not cause net electron flow and with a large band gap no 
significant number of electrons can be thermally excited at ordinary tempera- 
tures. 

Insulators are not usually discussed in terms of band theory because the pre€s- 
ence of a neatly filled band and a large band gap is equivalent to a more familiar 
picture of the electronic structure. The more familiar picture is either that per- 
taining to an ionic solid, sụch as NaCl, or a localized covalent bond description as 
applied to substances such as diamond, silicon, or BạO;. In NaOl, for example, 
the components each have closed shells and their valence shell orbitals are very 
different In energy. Because like lons are well separated from each other there 1s 
litle tendency to form bands in the first place, and, to the extent that they do 
form, we expect that there will be a lower chlorine band that ¡is completely filled 
and that the lowest empty sodium band will lie above 1t by many electron volts. 

In a covalent extended solid such as silicon (with the điamond structure), 
the complete set of doubly occupied bonding orbitals corresponds to a filled 
band and the lowest empty band, corresponding to the set of Si—S¡ antibonding 
orbitals, 1s again so far above it as to be thermally inaccessible. 

A semiconducfør 1S a substance that has an electrical conductance that is small 
compared to those of metals, but which increases with increasing temperature; 
that 1s, it has the opposite temperature debendence to that of metals. There ar: 
two types Of semiconductors: ¿„/ins¡c and exfrimsic. 

An intrinsic semiconductor is a pure material that resembles an insulator ex- 
cept that the band gap 1s sufficiently small that at normal temperatures a signif- 
icant number of electrons are thermally excited from the ñilled to the empty 
band, as shown in Eig. 32-8(2). Because the magnitude of the conductance de- 
pends on how many electrons have enough thermal energy to cross the band 
gap, the temperature debendence of the conductance follows an exponential 
law, in the same way as the rate of a chemical reaction, where thermal ©n€rgy 1s 
required to get some molecules over an energy barrier (there called an activa- 


tion energy). Thus, the conductance Ø ofa semiconductor obeys an equation of 
the form: 


G= Cổ 72 (32-3.1) 


Here C¡s a constant characteristic of the material and the energy È can be shown 
to be approximately equal to one-half of the band gap. 

Exnnsic semiconductors are actually far more important than intrinsic ones. 
Very few pure substances have suitable band Øaps, but, by suitably doping a pure 
substance, that 1s, introducing very low levels of a suitable 1mpurity, semicon- 
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Figure 32-8  Energy bands for (2) an intrinsic semiconductor, (Ù) an 
n-type, doped, extrinsic semiconductor, and (2) a p-type, doped, extrin- 
Sic semiconductor. 


ductance can be engendered in an otherwise poorly semiconducting or insulat- 
ing material. These doped materials are called øxfrmsic semiconductors. Classic 
examples of extrinsic semiconductors are silicon or germanium doped with gal- 
lium or arsernic. 

Let us consider what happens when a few As atoms (as little as one Ãs per 
108 Si) are doped into pure silicon. Each As atom replaces a Sỉ atom in the sili- 
con structure, but after forming four bonds to its four Sỉ neighbors, the Äs atom 
still has one electron, which is forced to occupy an orbital higher in energy than 
those used in the As—Si bonds. The effect that this has on the band structure is 
shown in Fig. 32-8(). A new, narroW ñlled band ¡s introduced, much closer In 
energy to the upper unfilled band. From here, ït is much easier to have electrons 
thermally excited into this empty band, where they will be able to migrate 
through the crystal under the inñuence of a potential difference. Thus, the es- 
sentially insulating silicon becomes a semiconductor in which the conductance 
¡s attributable to the movement of the excess negative charges. It is thus called 
an ?-fybe semiconductor. 

Tf, on the other hand, pure silicon ¡s doped with some gallium atoms, which 
have only three valence electrons, and also have their valence shell orbitals at 
slightly higher energy than those of the silicon atoms, the net result is as shown 
in Eig. 32-8(2). A narrow empty band not far above the filled band is introduced, 
and electrons from the ñilled band can be thermally excited to this new, narrOW 
band, leaving positive holes in the fñlled band. Since the conductance In this 
case can be regarded as due to the migratlon of positive holes in the now ïn- 
complete lower band, this type of semiconductivity is called Øø-#y# semiconduc- 
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DefecTs in Solids 


AlI solid substances, even when very pure, have defects In their structures, that 
is, faults, absences, excesses, or misalignments relative to the Idealized crystal 
structure. These defects may have an important inÍluence on the properties Of 
the substance. The presence of some đefects is a consequence of thermodynam- 
ics. The presence of defects causes disorder in the substance and this means that 
the entropy Š is increased. The most stable state of any system occurs when its 
free energy Gis minimal, and it is well known that G1s related to enthalpy Hand 
Š by the equatlon: 


G=Hj=15 (32-4.1) 


where 71s the absolute temperature. The introduction of defects into an initially 
perfect crystal costs energy, meaning that increases. However, the term 7TSwill 
also increase with the number of defects, provided the crystal is not at the ab- 
solute zero (7'= 0). Hence, at a given temperature, the thermodynamic picture 
1s as shown in Fig. 32-9. Clearly, the existence of a certain numnber o£ defects 1s 
thermodynamically required, except at 7= 0; the higher the temperature the 
more defects there wIll be. 

We now ask in more detail what we mean by defects. The majority fall into 
one of the following two cÌasses: 


1. Point defects. 
2. Extended defects. 


Point defects are of two main types: 0œceznœ2s and ?⁄#2rstitials. Vacancies (some- 
times called Shottky defects) at some lattice sites are very common. Generally 
speaking, 1ƒ we are dealing with an lonic substance (e.g., a halide), there will be 
cqual numbers of cation and anion vacancies, so as to preserve electroneutrality. 
While the number of vacancies is usually so small that they are not easily de- 


Energy 
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Equilibrium 


Figure 32-9 The dcpendence 
of H, 7S, and G= H— TSon tem- 
perature as the number of defects 
in a solid increases, at a given tem- 
perature. 
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tected, some substances, of which TïO is a well-known example, have a sizeable 
number at room temperature. Thus it is not uncommon for TIO to have a mea- 
sured density 10%, or more, below that calculated for the perfect rock salt struc- 
ture, thus showing that the corresponding percentage oỀ vacancies is DresenI. 

Intersiztzals (sometimes called Frenkel defects) are atoms or ions that are dis- 
placed from their normal site in a crystal to a position in between the normal 
sites. This situation 1s most likely to arise in substances with relatively open struc- 
tures and with metal ions that do not have any marked preference for octahedral 
versus tetrahedral coordination. Thus, there may be vacant octahedral sites but 
metal ions in nearly tetrahedral ones. This, oÝ course, causes no change in com- 
position and has no firstorder effect on the density, but it can be detected In 
other ways, namely, by spectroscopic and electrical properties or by very sensitive 
X-ray diffraction measurements. The wurtzite form of ZnS (see Fig. 4-1) is prone 
to have Frenkel defects. 

Still another type of point defect worth mentioning, not because 1t 1s very 
common but because it is easily noticed when it occurs, is the cøior cønfzr defect. 
It can occur, for example, in an alkali halide crystal that has been heated in the 
vapor of the alkali metal. This introduces additional metal ions, but no addi- 
tional halide ions. Electroneutrality is maintained by having some anion sit€s OC- 
cupied by an electron, which ¡s trapped at the site. Within ¡ts “box” the electron 
has access to a ladder of quantum states and by absorption of visible light it can 
be promoted from the lowest quantum state to one or more higher ones, thus 
giving rise to the color. For example, strongly heated cadmium sulfide readily 
forms color center đefects by Ìoss of sulfur. 

Extended døƒfects often occur when a relatively large number of potential point 
defects become associated or clustered so as to allow a shift of one entire portion 
of the structure relative to an adjacent portion. This introduces sj£ør øÌanes that 
can actually be directly seen in high-resolution electron micrographs of crystals. 
Shear plane defects are very common in the higher oxides of titanium, vana- 
dium, molybdenum, and tungsten. For example, WO; can actually exist In a 
range of compositions from the ¡ideal WO; down to about WO¿s. 
Electroneutrality is conserved because a certain number of W atoms are WŸỲin- 
stead of WỲ", 

Instead of the oxygen vacancies being randomly distributed, in an otherwise 
unchanged structure, these vacancies are actually eliminated by a closing up of 
the structure, as shown in Fig. 32-10. In the perfect WO¿ structure we have a per- 
fect checkerboard of WO, octahedra in which only corners are shared; after the 
shear plane has formed there are a number of edges shared between oxygen oc- 
tahedra. The movement of the lower (light) section of the structure relative to 
the upper (dark) section [Eig. 32-10(2) | leads to the arrangement shown in Flg. 
39-10(ð), and entails the formation of a series of units o£ the type shown In Fig. 
32-10(©) running in a diagonal direction. For cach such unit formed, one less 
oxygen atom ¡is required. Thus, iŸ a small number of these shear pÌanes are 
formed randomly, the overall structure may undergo liide change but the com- 
position will be WO,„ where ø < 3. As already noted, shear planes can often be 
directly observed by electron microscopy, and an example is shown 1n Elg. 32-11. 

It turns out that ïf very many of these shear planes form they begin to influ- 
ence each other and become organized in a periodic manner. À detailed analy- 
sis shows that these periodic arrangements should correspond to compositions 
that can be expressed as W„O¿„_„, with z= 20, 94, 25, and 40 (ï¡.e., Ws¿oO;a, etc.). 


\ 
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Figure 32-10 Diagrams showing how a perfect WO; structure (2) can 
respond to a deficlency of oxygen atoms by developing a shear plane (). 


Dfsiơn ím Solds. A discussion of defects in solids leads naturally into the 
topic oŸ diffusion. Ín most cases, although we shall later consider some ImpOr- 
tant exceptions, diffusion takes place, albeit slowly, because of the presence of 
defects. If holes are present, adjacent atoms or ions may slide over into them, 
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Figure 32-TT A high-resolution electron microscope 
image of a shear plane in a WO;_„crystal. This can be 
compared with the diagram in Eig. 32-10. [Reproduced 
by permission from S. Hjima, J. Solid Siate Chem., 1975, 
Jđm52.] 


making a new hole. Interstitial atoms can migrate from one site to an adjacent 
one. The rate of defect-controlled diffusion ¡s highly temperature dependent for 
two reasons: (1) The higher the temperature the more def€cts there will be, and 
(2) there is an energy barrier to be surmounted for each step and thus an 
Arrheniuslike dependence of the rate per defect is to be expected. We can write 
Equation (32-4.2) 


D= Dạ¿>⁄r (39-4.2) 


to express the diffusion rate as a function of temperaturc. The exponenrial fac- 
tor arises from the mean barrier (per mole) for the hopping process, while 1 is 
proportional to the number o£ defects (of the type that facilitate difusion). Log 
Dïs about linearly proportional to 1/7: 


Solid Electrohytes. While we normally think of ionic conduction as a pFOC€SS 
that occurs in solutions or molten salts, some solids are so constituted that they 
permit the diffusion of ions (generally cadons) without the need of defects. The 
general requirements for a good solid electrolyte are 


1. The presence of a large number of mobile 1ons. 

92. The presence of many empfÿ sites that the mobile ions can Jump Into. 

3. The empty sites should be of similar or the same energy as the filled ones, 
with only a small energy barrier between them. 
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4. There should be an anionic ramework within which there are cither 
open channels, or else the framework should be soft, polarizable, and de- 
formable. 


Let us consider two examples of materials that have “hard” frameworks but 
permit ionic conduction because of the presence of channels through which 
small cations present can move relatively easily. The best known example of this 
is provided by -alumina. The name -alumina is a misnomer, assipned many 
years ago when the substance was believed to be a polymorph of pure AI¿O; (of 
which there are two genuine examples, œ-AlzOs and y-Ä1;O;). In reality, B-alu- 
mìỉna contains a nonstoichiormetric amount of sodium and can be formulated as 
Nai,„A1iiO;.„/v. 

The reason j-alumina has mobile Na” ions, and hence conducts electricIty, 
1s because of its structure, shown schematically in Eig. 32-12. It consists of sheets 
of hard, rigid y-A1;O; held together by thin layers of Ña" and O”~” ions. In these 
thin layers the Na?” ions are fairly mobile. Similar materials with K” or other mo- 
bile cations are also known. The possible use of B-alumina as a solid electrolyte 
in Na/S batteries has made ït the object of very detailed study. 

Another well-established solid ionic conductor is a material caled NASICON 
(an acronym for sodium superionic conductor). The formula 1s NazZraPSi¿O;, 
and it consists of a framework built of corner-sharing ZrO¿ octahedra and 
PO,/SiO, tetrahedra. In this framework there 1s a network of tunnels in which 
the Na” ions reside, but they occupy only a fraction ofall the available sites. Thus, 
in an electric field, the Na” ions can hop from one site to the next, much as they 
do ïn the B-alumina structure. 

A prominent class of “soft” solid electrolytes 1s provided by silver iodide 
(Agl) itself and, better yet, ternary silver iodides such as HgAgz:l¿ and RbAguls. 
In all of these, the Ag” ions can move fairly easily even though there are no large 
channels, because of the low lattice energies of these substances. 


Figure 32-I2 A schematic representation of the B- 
alumina structure. Slabs of -AlzO; are held together 
by tetrahedral oxygen atoms with mobile Na” ions be- 
tween them. 
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Figure 32-13 - The laycr structure ofa y-zirconium phosphate, Zr(PO,) (H;PO„)-2H:O. 
The two OH groups are represented by black circles and are located between the layers. 
Within cach layer the Zr atoms are octahedrally coordinated by phosphate oxygen atoms, 
giving inñnite chains of octahedra sharing Opposite edges. 


32-5 Nons†oichiometry 


In molecular chemistry we expe€ct, and generally find, that substances have pre- 
cise and unvaryIing COmpOoSIHOnS. Thus, whether liquid or solid, water always has 
the composition HạO within the accuracy of the most sensitive analytical tools 
known. This is to be expected since, within every molecule, the valences of each 
atom must be exactly satisfied by the other atoms. Ône cannot Just “leave out one 
atom” from time to time. In a nonmolecular solid, on the other hand, it 1s pos- 
sible to do exactly that, and in many cases such Inexact or nonst0ichiomefric sub- 
stances are known. It is characteristic of most nonstoichiometric substances that 
the same basic structure is retained while the composition varies. 

A very good and well-known example is provided by “FeO.” Rarely does one 
find a specimen that has exactly that compositon. Usually, there are fewer iron 
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atoms than oxygen atoms and typical compositions range from F ©ssO to Fea s¿©. 
However, all of them display an X-ray difraction pattern corresponding to the 
rock salt structure, albeit with some slight changes. This variability can be attrib- 
uted to the tendency o£ a few iron atoms to be È e” so that the total number of 
iron atoms required to counterbalance the charges OÊ ø O” ions is less than ø. 
There are then some vacant cation sites in the structure. 

We have already discussed a nonstoichiometric compound, WO,, 2.9 < ø < 
3, where the structure does not remain ¿re unaltered but accommodates to a 
defciency of one component by forming shear planes or some other type o£ 
stacking fault. 

A class of compounds that are very prone to being nonstoichiometric are the 
transition metal hydrides. These are substances in which the metal atoms retain 
the same spatial arrangement as they have in the metal itself while interstices be- 
come occupied by hydrogen atoms. The limiting compositons MH, MH;, or 
MNH: are never (or almost never) attained. Instead, the substances have compo- 
sitions such as NbH§„, ZrH; ¿, and LuH; ›. 


Some Important S†ruc†ures 


Many of the Important types of structures for nonmolecular inorganic solids 
have been mentioned earlier In this book. It wïill be useful, however, to give an 
Overview here. 


loơnc 3D Struchzres. In Chapter 4 were depicted six of the most important 
structure types for ionic (or partially ionic) substances ofa binary nature, that is, 
substances containing only one type of cation and one type of anion. These 
should be reexamined at this poïnt. It will be noted that all of these six structures 
are three dimensional, In the sense that no subdivision of the arrangement into 
layers or chains 1s possible. 

We have also mentloned three o£ the most important structure types for 
mixed, usually ternary, oxides (see pages 141-142). These were the spinel 
(MgA1;O/), iImenite (FeTiO;), and perovskite (CaTiO;) structures. 


Nomiơœmc 3D Structures. Ungquestionably, the diamond structure is the most 
Important. lt is shown on page 245. It will be evident to the observant reader that 
the diamond structure is simply the zinc blende (or sphalerite) structure with all 
the atoms identical instead of being o£ two types. In both cases, the key feature 
1s that each atom is tetrahedrally surrounded by four nearest neighbors, and the 
tetrahedra are linked so as to give the overall network cubic symmetry. 

The điamond structure is also adopted by silicon and germanium and the 
sphalerite structure is adopted by numerous nonionic binary compounds (e.g., 
GaAs and CdS), which are very 1mportant in solid state electronics. 


Layer Siruciures. À layer structure is one in which a network of covalent 
bonds extends throughout the structure in only two directons. In the third di- 
mension (¡.e., perpendicular to the layers) there are only van der Waals forces. 
The most venerable example of a layer structure is provided by graphite 
(Chapter 8). However, there are many chemical compounds that have layer 
structures. All of those silicate minerals called micas have layer structures, as is 
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evident in their macroscopic appearance. There are somewhat similar zirconium 
phosphate compounds, an example of which ¡is shown ¡in Fig. 32-13. 

The oxohalides, MOCI, MOBr, and MOI, of the elements AI], Ga, La, T1, V, 
and Fe, as well as the remaining lanthanides, form layer structures of a type 
shown schematically below. The central layer consists of oxygen atoms. Above 
and below this are layers of metal atoms, and finally on the top and on the bot- 
tom are layers of halogen atoms. These five-ply sheets are then stacked, with only 
van der Waals contacts (CI : - : Cl). 


`... X~x 
MM MM 
“2” 09G + 
M M MM 


x.X* ®Xx X * 


One other notable class of layer compounds is typifñied by molybdenite 
(MoS,). This is the most common compound o£ molybdenum 1n ÑNature. Ít con- 
sists Of infñnite sandwiches with hexagonal close-packed layers of sulfur atoms on 
the outside and Mo atomsin trigonal (not octahedral) interstices between them. 
A portion of the structure is shown in Fig. 32-14. The compounds WS,, MoSes, 
and several other disulfides also have this structure. Closely related is the layer 
structure displayed by TiS;, ZrSa, and several other compounds in which the two 
outer sulfur layers are related in such a way as to create octahedral holes for the 
metal atoms. 


kmtercalatiơn. One of the most important properties of layer structures 1s 
their ability to allow other species, atoms, ions, or molecules, to penetrate be- 


Figure 32-14 A portion of the MoŠ; structure 
showing how trigonal prismatic sites for the Mo atoms 
are formed. 
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tween the layers, thus forming intercalation compounds. The process o£ doing 
this is called an insertion reaction, or an intercalatdon reacton, and the result- 
ing “compounds” are not usually stoichiometr1c. 

The earliest observations of intercalation were made with graphite using al- 
kali metals. When intercalatdon occurs, the alkali metal atoms transfer their va- 
lence electrons to the graphite sheets and become cations. Indeed, this electron 
transfer 1s necessary in order for the intercalation to occur. More recently, there 
have been extensive studies of this sort of intercalation with the layered MX; 
compounds. 

In some cases the alkali metal may be introduced, and also removed, by 
thermochemical processes, as in the following equations: 


MS,+xNa—"““ yNaMS,  x=04-07 (39-6.1) 


1IVS Ti — “ằVS/#LI (39-6.9) 


In other cases insertion and deinsertion are driven electrochemically, a process 
that is often preferred because the extent o£ intercalation can be controlled by 
measuring the number of coulombs of electricity used. Certain metallocenes, 
(C;H;)¿M (where M = Co or Cr), can also intercalate and they, too, transfer an 
electron. This is consistent with the fact that (C;H;);Fe, which has a higher oxi- 
dation potential, does not Intercalate. 

There has been much interest in such intercalation compounds because 
they are potentially useful in batteries. In fact, there are practical batterles now 
made of which the elements are a lithium anode, an MS; cathode, and a polar 
but nonprotonic solvent; they can give voltages exceeding 2 V. 


Amorphous Sohds: Ceramncs and Glasses. The terrmn ceramic refers to any non- 
metallic inorganic material that is nonmolecular and usually obtained in an 
amorphous (¡.e., noncrystalline) condition. Ít is characteristic of ceramics that 
they are made into their final useful form by strong heating (fñiring), generally in 
the range of 1000-2000 ”C. The vast majority of ceramics are made of silicate 
clays (kaolins) to which other substances, such as feldspars, are added. However, 
there are many speclalized ceramics, such as ferries, which contain iron oxide 
(FezO/„) together with other metal oxides (MgO or ZnO), and are used in a va- 
riety o£ applicatlons where ferromagnetism is required. Another specialized ap- 
plication of ceramics 1s as abrasives, and here alumina, SiC, and boron carbide 
are among the most common, 

Porcelain, which is the most useful ceramic for pottery, dishes, and COoatings 
on iron vessels, is made from kaolin mixed with a finely powdered feldspar. On 
heating to about 1450 °C the feldspar becomes vitreous (see below) and binds 
the mixture together. 

Ceramics are valued because of their resistance to heat and abrasion, but 
their chief drawback, brittleness, has limited their range of application. 

A glass 1š a special type of ceramic that can be regarded as a rigid liquid. A 
glassy substance 1s also said to be in a 0irous siaie. In general, a glass is obtained 
when a liquid is cooled so quickly that crystallizadon does not have time to 
occur; the disordered or tangled molecules in the liquid are trapped in that con- 
diuon. Therefore, in a glass there is no long-range order. 
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The substances that most commonly and easily form gÌasses are those con- 
sisting of oligomers or polymers (in one or two dimensions) that become ran- 
domly arranged in the liquid state and require very long periods of very slow 
cooling to arrange themselves in a pattern with long-range order. Silica and sIli- 
Cates are perhaps the commonest and most Important examples. 

Returning in more detail to the question o£ how a glass is formed, let us look 
at Fig. 32-15. First, this figure shows that as the liquid substance ïs cooled, Its vol- 
ume đecreases until, at the temperature of freezing, T;, (or, alternatively, IÝ we 
imagine starting with the crystalline solid, the melting point), there is a discon- 
tinuous change in volume as the crystalline solid forms. After this, further cool- 
ing causes only a very gradual contraction in volume. However, !f the liquid 1s 
cooled rapidly enough, it will continue to contract but no crystals wil] form. It is 
now a sw#ercooled liqu¿d. Finally, however, a temperature will be reached when it 
will become rigid. This temperature (7,) 1s called the gÈ4ss /em#eratre, and it usu- 
ally corresponds to only a slight kink in the cooling curve. 

Fused quartz (SiO,) has a very high 7, and thus the temperature required to 
WOrk it are inconvenient. Ordinary glass, often called soft glass, contains NasO and 
CaO, and has a much lower 7,, thus making it easier to fabricate into sheets, bot- 
tles, and so on. When B,O; ¡s added to quartz, a gÌass commonly called øyz#x 1s ob- 
tained. This has a higher 7; than soft glass, but lower than quartz. Ín addition, ït is 
less sensitive to thermal shock and has a lower coefficient of thermal expansion. Ít 
is therefore a preferred gÌass for cookware and for laboratory apparatus. 


Electrical and Magnetic Properiies 


The electrical and magnetic properties of inorganic materials have long been 
employed in technological applications, and even today, the use of metals as 


AŠ 
Supercooled \Š 


Volume 
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Figure 32-15  Phasc diagram showing 
the relation between liquid, solid, and 
glassy forms. Tờmerafur2s 1, and 7; are the 
glass transition temperature and the melt- 
¡ng temperature of the crystalline materlal, 
TespectiveÌy. 
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electrical conductors and the use of iron, FezO, and various metallic alloys as 
magnets continues. In recent years, howe€ver, a host of new types of substances 
with remarkable and highly useful electrical and magnetic properties have 
opened a completely new era. In this section we shall draw attention to three of 
these phenomena and to the types of materials that are used in technological ap- 
plications. 


Solid State Electrơnics. Modern electronic technology 1s totally debendent on 
the electrical properties of semiconductors. All solid state devices, such as tran- 
sistors, silicon chips, photocells, and others, employ semiconductors. As an 1llus- 
trative example we shall discuss the simplest example o£a transistor, namely, the 
type with one pn junction, which functions as the equivalent of a vacuum tube 
diode. 

Recall from Section 32-3 that there are two ways to dope silicon so as to make 
1t an extrinsic semiconductor. In one case we have an n type and in the other case 
a p type. Suppose, however, that we take a small single crystal ofvery pure silicon 
and dope it so that one haÏlf is n type and the other half is p type. Ifwe now con- 
sider the situation at the junction of these two halves, we wIll ñnd something like 
what is shown in Fig. 32-16. There wIll be a spontaneous blurring of the bound- 
ary since sorme electrons will drift across 1t, from the higher energy n-type region 
into the holes in the p-type region. However, the extent of this drift 1s limited by 
the fact that a back voltage is built up. 

Let us now apply an external voltage, even a low one, to the silicon crystal, 
1n a đirection perpendicular to the junction, so that there 1s a source of electrons 
(the negative terminal) in contact with the n-type portion and a sink for elec- 
trons (the positive terminal) in contact with the p-type portion. Current wïill now 
flow continuously, entering the mtype portion, crossing the interface to the 
P-ÿPp€ portion, and exitng at the positive terminal of.the voltage source. 
However, If a low voltage were applied the other way around, no current would 
flow because the electrons cannot be driven up from the p-type into the m-type 
portion. A pn Junction thus serves as the equivalent of a vacuum tube diode. It 
1s a rectifier and can be used to convert ac current into dc current. 
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Figure 32-l6 A schematic representation of the junction 
between the n-type and p-type halves of a simple pn transis- 
tor, which functions as a rectifler. 
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W© shall not pursue the point in detail but by making pnp or npn Junctions 
one can create the equivalent of vacuum tube triodes, which serve as voltage or 
current amplifiers. 


Suberconductfiơity. Superconductors are characterized by two extraordinary 
properties. Below some critical temperature 7, their electrical resistance goes to 
zero. Above 7}, most superconductors display ordinary metallic conductance. 
Second, when in the superconducting state, a superconductor excludes the lines 
Of force of a magnetic field and is thus repelled by such a field. Thịis behavior is 
called the Meissner effect. 

Superconductivity was first discovered in 1911 for the element merCury, 
which has a 7} of only 4.2 K. For many years the majority of known supercon- 
ducting substances were metals or alloys and the 7; values were very low. Until 
1986 the highest known 7} was 23 K, which was found in a metallic alloy Nb;Ge. 

In general, superconductivity is suppressed by the applicaton ofa magnetic 
field. In some materials this occurs abruptly at some critical field H1, which is 
characteristic of the material. In others, conductivity declines gradually above 
H,. Since one of the most important applications of superconducting materials 
is to carry the electric current required to generate high magnetic fields in elec- 
tromagnets, this antagonism between the superconductivity and the magnetic 
field poses a practical problem. Thus, research aimed at inventing better super- 
conductors has two goals: to raise both 7} and HJ,. While there has recently been 
spectacular progress in raising 7, (to be discussed shordy), it is interesting to 
note that one of the first nonmetallic type superconductors to be discovered, the 
Chevrel phases, were particularly interesting because of their high 1, values, 
even though their 7,values (~ 15 K) are not exceptional. 

The Chevrel phases, discovered by R. Chevrel, a French inorganic chemist, 
in 1971, have MosS; units packed with other metal atoms in the manner shown 
in Eig. 32-17 for the particular compound PbMosS;. Other Chevrel phases may 
contain Li, Mn, or Cd in place of Pb, and Se or Te in place o£ S. Unfortunately, 
the Chevrel phases have one practical problem, as compared to metallic super- 
conductors, namely, that they are brittle and thus not easy to fabricate intO us€- 
ful shapes, such as wire. However, progress is being made in solving this problem. 

The search for superconductors with higher 7, values is driven by the fact 
that it is very difficult, and expensive, to maintain materials in their supercon- 
ducting state when they must be kept in containers surrounded by liquid helium 
or liquiđ hydrogen. For many years, the dream of ñnding superconducting ma- 
terials with 7, values above the boiling point of liquid nitrogen (77 K) was as at- 
tractive as it was elusive, but at last, in 1987, it was achieved. Let us briefly recount 
those exciting developments. 

In January of 1986 two scientists working at the IBM European Research 
Laboratory, Bednorz and Mủller (Nobel prize in physics, 1987), found that ma- 
terials entirely different from the best previously used metals and alloys, namely, 
mixed-metal oxides of the type BaLa,Cu,O,, such that the average Ooxidation state 
of the copper is between +2 and +3, could have 7,2s high as 35 K, which 1s a con- 
siderable jump. This work immediately drew attention to this class 0F compounds 
in general and an enormous research effort suddenly arose all over the world. 

The story now switches to the laboratory of Paul Chu, a physicist at the 
University of Houston, who found that by applying pressure to a Bednorz and 
Mũiler type compound, 7, could be raised to 57 K. This observation led Chu, in 
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Figure 32-Ï7 The structure of Chevrel phases. The 
packing of MosS; units and Pb atoms in PbMo,S; 1s 
shown. 


cooperation with a group led by M. K. Wu at the University of Alabama at 
Huntsville, to consider the possibility of simulating the effect of external pres- 
sure by replacing the lanthanum atoms with smaller trivalent ions, and only a lit- 
tle over a year after Bednorz and Mũiler”s initial điscovery, Chu and Wu reported 
a materlal (BaozY; ¿COuO,), with 7; > 90 K. Other laboratories almost immedi- 
ately reported similar results. The highest confirmed 7; is 122 K, which has been 
obtained for a material of composition TI;Ba;CazCusO¿. 

Since these exciting developments, there have been no further increases in 
T,; scattered reports claiming higher values have occasionally appeared, but 
were not reproducible. Research in the field of high-temperature superconduc- 
tivity has subsequently been heavily concentrated on understanding the proper- 
ties of the Ba——Y——Cu——O systems. A particularly well investigated substance is 
the so-called 1-2-3 material YBazCuzO„, which has 7} = 95 K. 

The 1-2-3 compound ïs typical of all those in this general class of high 7} ma- 
terials in having a layer structure, a portion of which is shown in Fig. 32-18. It can 
be seen that there are two environments for the copper atoms. Some have five 
Oxygen atom neighbors and these CuO; units are linked by shared basal corners 
into infinite sheets. The other copper atoms are only four coordinate, and are 
linked into infinite chains by the sharing of some oxygen atoms. From the for- 
mula YBazCuzO;, with the assumnption that Y and Ba have their normail valences 
(+3 and +2, respectively), the avcrage valence of copper is +23. This means that 
both Cu”" and Cu”” ions are present, but discrete sites for them cannot be iden- 
tiied. There is general agreement that it is the copper ions and the way in which 
their oxidation states vary that is the key to the superconducting behavior, but a 
precise explanation has yet to be found. 


Ït is necessary to recognlze that these 1-2-3 materials are easily obtained 1n 
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Figure 32-18 The layer structure of compounds of the type YBazCuzO, (x= 7, 6, and 6.5). 
[Figure courtesy of Professor T. R. Hughbanks.] 


nonstoichiometric condition in which there is a deficit of oxygen. One way in 
which this can occur is by loss of some oxygen atoms from the chains, whereby 
some of the copper atoms become two coordinate and are presumed to become 
Cu” ions. If oxygen loss occurs from one half the chains, in an ordered way, the 
composition becomes YBaCuzO¿ ; (as shown in Fig. 32-18) and ïf all such oxygen 
atoms are lost, the composition becomes YBa;CuzO¿. These latter two compOosi- 
tions are not high-temperature superconductors. Because of this tendency to 
nonstoichiometry and consequent loss of superconductivity, the thermal history 
of a 1-2-3 compound is of crucial importance. 

Needless to say, right from the beginning a theoretical understanding of su- 
perconductivity posed a great problem. However, Bardeen, Cooper, and 
Schrieffer (Nobel prize in physics, 1972) developed a theory (the BCS theory) 
that is éonsidered satisfactory for all the low-temperature superconductors. In 
this theory, the central concept is the existence of pairs of electrons called Coøðør 
Đai. The electrons in a Cooper pajr Interact with each other indirectly by way 
of displacements of the atoms from their mean lattice positions. The presence of 
one electron at a given position in the crystal wIll distort Its immediate environ- 
ment so as to make it attractive for a second electron to come into the same re- 
gion, creating the Cooper pair. However, the persistence of the distortion, whích 
is responsible for the “virtual attracion” between the two electrons, is opposed 
by the thermal vibrations o£ the atoms, and thus the Cooper pairs can persist 
only at low temperature. 

A Cooper pair can travel through a solid mụch more easily than a single elec- 
tron because it is not scattered by collisions with the atoms as much as is a single 
electron. This means that when large numbers of Cooper pairs exist, conduc- 
tance becomes so great that the material becomes a superconductor. 
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Ít is not clear whether the basic concepts of the BCS theory can be adapted 
to explain the high-temperature superconductors, or whether new ideas will be 
required. In view of the theoretical uncertainties, there 1s no reason to believe 
that superconductors with even higher values o£ 7, may not exist. The ultimate 
dream, of course, would be a substance that is superconducting at Ice tempera- 
ture, Or even room temperature. 


Cooberaiue Magnetic Proberiies. We have earlier (Chapter 23) discussed the 
magnetic properties of individual metal ions, and briefy mentioned the ocCUr- 
rence of more complicated magnetic behavior such as ferromagnetism and an- 
tiferromagnetism. These more complicated phenomena occur only in the solid 
state where interactions between the magnetic moments o£ adjacent metal lons 
in the inñnite nonmolecular structure can occur. In this section more wIll be said 
about these cooperative magnetic Interactions, especially ferromagnetism. 

The major types of cooperative magnetic interactions In the solid state are 
those leading to ferromagnetism, antiferromagnetism, and ferrimagnetism. 

Ferromagnetism results when the spins on the metal centers communicate 
with one another—usually by an electronic coupling through the anions that lie 
between them—so as to favor the alignment o£all of them in the same direction. 
Thịs sort of cooperation can be sustained over very large đØ7.ws, consisting Of 
thousands of neighboring metal ions, and 1n this way the degree of magnetiza- 
tion o£ the material wIll be enormously greater than for a normal paramagnetic 
substance, where the magnetic moments o£ the Individual metal ions each inter- 
act with the magnetic field independently of the others. However, there is some 
temperature above which the tendency to thermal randomization becomes so 
great that the collective Interaction of the spins on different metal lons is Over- 
come. Above thịs critical temperature, called the Curie temperature (7c) the 
substance behaves like an ordinary paramagnetic material. 

Below the Curie temperature, however, ferromagnetic substances are not 
only able to develop very large magnetizations in a magnetic field, but they r- 
man Đermanenth) magnefzed when removed from the field. The extent to which a 
ferromagnetic material retains its magnetization determines the uise to which it 
can be put. All ferromagnetic materials respond nonlinearly to the applied mag- 
netic field, giving a hysteresis loop, as shown in Fig. 32-19. If the loop is broad 
[as shown ín Eig. 32-19(2) ] the substance retains a very high degree of magneti- 
zadon when the field is reduced to zero and can only be demagnetized by ap- 
plhyng a hiph field in the opposite direction. Such substances, called hard ferro- 
magnets, are suitable for making permanent magnets. On the other hand, soft 
ferromagnets, which have narrow hysteresis loops like that in Eig. 32-19(), can 
follow a rapidly oscllating magnetic field and are used in transformer cores. 

Antiferromagnetic substances behave in a manner opposite to that of ferro- 
magnetics. Below a critical temperature, here called the Néel temperature (Ty) 
they have a cooperative interaction between the spins on adjacent metal ions 
that leads to an alternating pattern of alignment. In this way, the magnetzation 
1s very low below 7 and tends to zero as the temperature approaches 0 K. 

Ferrimagnetism is displayed when there are two types of magnetc Ions pre- 
sent. Phose of each type tend to algn with the magnetic ñeld butin Opposite di- 
rections. However, because the two types have different inherent moments, one 
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Figure 32-19 Hystercsis loops for the magnetization o£ ferromagnetic 
materials, showing (2) large hysteresis and (b) small hysteresis. 


set does not completely cancel the other set, and there is a net magnetization, 
even at 0 K. 

A particularly important class of substances from the poiïnt of view oŸ coop- 
erative magnetic properties are the /zzr⁄s. These are substances of the spinel 
type (see chapter 4) that contain iron (.e., MFc;O,). In fact, they are so-called 
inverse spinels, in which half the Fe" ions are in tetrahedral sites. Depending on 
the composition, ferrites may be either ferromagnetic or antiferromagnetic. . 


Concluding Remarks 


The field of solid state inorganic chemistry and physics is very large and of enor- 
mous practical as well as scientific importance. In this brief chapter we have been 
able to do little more than introduce some of the key phenomena and concepts. 
Along with polymers, pharmaceuticals, and catalysts, the many inorganic sub- 
stances with exceptional physical, electrical and magnetic properties play one oÊ 
the most important roles In our Conf€enpOTATY high-tech world. 

There are exciing new areas for research and development. Some that 
would follow directly from the topIcs covered here are (1) still better and more 
useful high-temperature superconductors, (2) ferrimagnetic materlals with 
properties more preciscly suited to specifc applications, and (3) ceramics with 
better mechanical properties. 

A very important new frontier is that of composite materials. These are 
formed when different substances are interleaved or interwoven at a micro- 
scopic level, thus giving rise tO macroscopic properties that combine the virtues 
of all of the componens. 

There is, without question, a wide range of Important and interesting chal- 
lenges awaiting inorganic chemists in the field of solid state sclence. 
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Study Quesfions 


A. Review 
1. 1ist the important ways in which solids điffer from liquids and gases. 
2. State the difference between molecular solids and nonmolecular solids. 
3. Describe and contrast the methods of preparing solid compounds. Consider specIf- 
cally: 
(a) the so-called “shake and bake” method. 
(b) the vapor-phase transport proce€ss. 
(c) the use ofa ux. 
(đ) hydrothermal synthesis. 
4. What is a fux? Give an example and state how it is used. 
5. Prepare a drawing that depicts vapor-phase transport as used In the synthesIs Of Crys- 
taline ZnS from amorphous ZnS. 
6. Explain the formation of an energy band in a solid. 
7. Describe the energy bands in an alkali metal. 
8. What is a fermi level? 
9. What are band gaps in solids? 
10. What are the characteristic temperature dependences o£ electrical conductance in 
metals and in semiconductors? 
11. How does an insulator differ from a semiconductor? 
12.  Whatis the difference between an intrinsic and an extrinsic semiconductor? Give ex- 
amples of each. 
13. What is an n-type semiconductor? Prepare a điagram of its band structure as a part 
Of yOUr anSWeT, 
14. Answer question 13 for a p-type semiconductor, 
15. Why do all solids have sorme defects at temperatures above 0 K? 
16. What are point defects in solids? 
17.  What are vacancies in solids? 


20. 
21. 
2, 
819 
24. 
ủi 
26. 


Siệi 
28. 
2Ú. 
30. 


-_ What are interstitial defects in solids? 
- _Name a substance in which one commonly finds: 


(a) vacancies 

(b) Frenkel defects 

(c) color center đefects 

(d) shear plane defects 

Why are samples of TìO commonly less đense than ideal? 

Explain ín general terms how defects in solids give rise to diffusion in solids, 
What is a solid electrolyte? Give examples. 

What is NASICON? How does it function as a solid electrolyte? 

What are nonstoichiometric solids? Give examples. 

Give the compostion o£ some nonstoichiometric hydrides. 


What is intercalation? Does it give rise to stoichiometric or nonstoichiometric com- 
pounds? 


Describe the Intercalation of alkali metals into graphite. 

'What are amorphous solids? 

What ¡s kaolin? How is it used in the production of porcelain? 
'What constitutes a ceramic material? 
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31. 
32. 
33. 


34. 
35. 
36. 
37. 
38. 


39. 


'What is a glass? A gÌÏass temperature? 
What are the characteristic properties of superconductors? 


Make a list of modern superconducting materials, beginning with the substance In 
which superconductivity was first discovered. 


How šs B-alumina employed in making a new type of battery? 
Explain why “ferrous oxide” is nearly always nonstoichiometric. 
Describe the structure of FeOC]. 

Explain how a pn junction functions as a solid state diode. 


'When were the first high-temperature superconductors discovered? What is the high- 
est 7} that has been reproducibly observed in such a material? 


What effect does a strong magnetic field have on a superconductor? 


B. Addiiiondol Exercises 


tổ 


19. 


What are the practical advantages of extrinsic (¡.e., doped) semiconductors Over in- 
trinsic ones? Give examples involving the doping of pure silicon. 


._ The formula for 8-alumina was stated to be Nan.„Al,¡O¡;,„/s. Do you thínk thịs is dis 


tinguishable analytically from Na¡,„AlO;x.„„z? 


._ When strongly heated, cadmium sulfide becomes bright orange. Explain. 
.‹  Compare the structure of điamond with those o£ silicon and wurtzite. 


Even though WO, with n < 3 is oxygen-deficient compared to the ideal formula (ï.e., 
WO;), there are no vacant oxygen atom sites. Explain. 

What is a hysteresis loop as this term is applied to the behavior of a ferromagnetic 
solid? 

True of false: The BCS theory of superconductivity straightforwardly explains the be- 
havior of YBazCuzO;. 


._What are the major structural changes that occur to the host substance when an ín- 


tercalation compound 1s formed? 

Do you think the level of defects in an ionic solid will depend on the lattice energy? 
If so, how? 

How are the Arrhenius equation and the temperature dependence of a semicon- 
ductor related? 
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ASPECTS OF SYMMETRY 
AND POINT GROUPS 


AI-1 


The material for Appendix I was taken from E. A. Cotton and G. Wilkinson, 
Aduan(œd Inorgamic Chemisiry, õth cd., Wiley-Interscience, New York, 1988, pp. 
1389-1409 (used with permission) and EF. A. Cotton, Cjemical Apblications 0ƒ 
Croub Theøny, 2nd ed., WIley-Intersclence, New York, 1971, pp. 45-52 (used with 
permission). 


Symmetry Operdtions and Elemenis 


When we say that a molecule has syzeiry, we mean that œeriazn Đarks oƒ 4 can bạ 
tmterchanged tuith others tuithout altering elther the identiby or the orientaiton 0ƒ the mol2- 
cuï¿. The interchangeable parts are said to be equivalent to one another by sym- 
metry. Consider, for example, a trigonal bipyramidal molecule such as PF; 
(AI). The three equatorial P—F bonds to F¡, F¿, and È;, are equivalent. They 


(A1) 

have the same length, the same strength, and the same type of spatial relation to 
the remainder of the molecule. Any permutation of these three bonds among 
themselves leads to a molecule indistinguishable from the original. Similarly, the 
axial P—F bonds to E„ and F; are equivalent. 8u, axial and equatorial bonds are 
different types (e.g., they have different lengths), and ¡if one of each were to be 
interchanged, the molecule would be noticeably perturbed. These statements 
are probably sel£evident, or at least readily acceptable, on an Iintuitive basis; but 
for systematic and detailed consideraton of symmetry, certain formal tools are 
needed. The first set of tools 1s a set Of synefry 0Ðeraf20ns. 

Symmetry operations are geometrically defined ways of exchanging equiva- 
lent parts ofa molecule. There are four kinds that are used conventionally and 
these are sufficient for alÏ our purpoSe€S. 


1. Simple rotation about an axis passing through the molecule by an angle 
2r/œ. This operation is called a #rø#er rotafion and is symbolized G„. If it 
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is repeated ø tỉmes, of course, the molecule comes all the way back to the 
Original orlenftation. 

2. Reflecdon of all atoms through a plane that passes through the molecule. 
This operation is called zZ2c#øn and is symbolized ơ. 

3. Reflection of all atoms through a point in the molecule. This operation 
1s called ?zøersion and 1s symbolized 1. 

4. The combination, in either order, of rotating the molecule about an axis 
passing through it by 2#/ø and reflecting all atoms through a plane that 
is perpendicular to the axis of rotation is called 2mro#er rofaizon. The sym- 
bol for improper rotation 1s S„. 


These operatlons are sywetry oberatiơns 1ƒ, and ơnh 7 the appearance of the 
molecule is exzcfy the same after one of them 1s carried out as it was before. For. 
instance, consider rotation of the molecule H;S by 2#⁄2 about an axis passing 
through S and bisecting the line between the H atoms. As shown ín Eig. ALI, this 
operation interchanges the H atoms and interchanges the S—H bonds. Since 
these atoms and bonds are equivalent, there is no physical (i.e., physically mean- 
ingful or detectable) difference after the operation. For HSD, however, the cor- 
responding operation replaces the S—H bond by the S—D bond, and vice versa, 
and one can see that a change has occurred. Therefore, for HS, the operation 
C 1s a symmetry operation; for HSD it is not. 

These types oŸ symmetry operation are graphically explained by the dia- 
grams In Eig. AI-2, where it is shown how an arbitrary point (0) in space 1s af- 
fected in each case. Eilled dots represent points above the xy plane and open 
dots represent points below it. Let us examine first the action of prOper rota- 
tions, 1llustrated here by the , rotations, that 1s, rotadions by 2#/⁄4 = 90°. The 
Ooperation ¿ 1s seen to take the point 0 to the point 1. The application o£ Œ„ 
twice, designated C2, generates point 2. Operation Cỷ gives point 3 and, of 
course, Cƒ, which is a rotation by 4 x 21/4 = 2m, regenerates the original point. 
The set offour poïnts, 0, 1, 2, 3 are permutable, cyclically, by repeated C¿ proper 
rotatlons and are equivalent points. It will be obvious that in general repetition 
of a €„ operation wIll generate a set of ø equivalent points from an arbitrary ini- 
ta] point, provided that poïnt lies off the axis of rotation. 

The effect of reflection through symmetry planes perpendicular to the xy 
plane, spectfically, ơ„„ and ơ.„„ is also illustrated in Eig. AI-2. The point 0 is re- 


IỀ _.4 bất (ga) 
S 2/2 S 
T B —= '⁄“ nh (b) 


Figure AI-T The operation C; carries H,S 
Into an orientation indistinguishable from the 
original, but HSD goes into an observably differ- 
ent orleniation. 
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Figure AI-2 The cffects of symmetry operations on an arbitrary point, 
designated 0, thus generating sets oÊ points. 


lated tơ point I by the ơ,„„ operation and to the point 3 by the ơ,„ operation. By 
reflecting either point l or point 3 through the second plane, point 2 is ob- 
tained. 

The set of points generated by the repeated application of an imprOper rœ- 
tation will vary in appearance depending on whether the order of the operation 
S„is even or odd, order being the number ø. Â crown of ø points, alternateÌy up 
and down, is produced for ø even, as 1llustrated for S¿. For ø odd there 1s gener- 
ated a set of 2z points, which form a right øz-sided prism, as shown for 8s. 

Finally, the operation is seen to generat€ from point 0 a second poïnt, Ì, 
lying on the opposite side of the origin. 

Let us now illustrate the symmetry operations for various familiar molecules 
as examples. As this is done it will also be convenient to employ the concept of 
syzwnetry elmenis. A symIm€tTy element 1s an zz2s (line), ØøỈz»2, or øøwm about 
which symmetry operations are performed. The existence of a certain symmetry 
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operation implies the existence of a corresponding symmetry element, and con- 
versely, the presence of a symmetry element means that a certain symmetry Op- 
eration or set of operations is possible. 

Consider the ammonia molecule (Fig. AI-3). The three equivalent hydrogen 
atoms may be exchanged among themselves in two WayS: by proper rotations and 
by reflectons. The molecule has an axis of threefold proper rotation; this 1S 
called a Ở axis. It passes through the N atom and through the center of the equi- 
lateral triangle defined by the H atoms. When the molecule is rotated by 2£⁄3 im 
a clockwise direcdon H; replaces Hạ, H; replaces H;, and H; replaces H¡. Since 
the three H atoms are physically indisinguishable, the numbering having no 
physical reality, the molecule after rotaton is indistinguishable from the mole- 
cule before rotation. This rotation, called a C; or threefold proper rotation, is a 
symmetry operation. Rotation by 2 X 2/3 also produces a configuration di£ˆ 
ferent, but physically indistinguishable, from the original and ¡s likewise a sym- 
metry operation; it is designated Cễ. Finally, rotation by 3 X 2m/3 carries each 
atom all the way around and returns it to its initial positon. Thịis operation (Œ) 
has the same net effect as performing no operation at all, but for mathematical 
reasons it must be considered as an operation generated by the €; axis. This, and 
other operations, which have no net effect, are called ;đenzy operations and are 
symbolized by E. Thus, we may write Cả = E. 

The interchange of hydrogen atoms in NH; by reflections may be carried 
out in three ways; that is, there are three planes of symmetry. Each plane passes 
through the N atom and one of the H atoms, and bisects the line connecting the 
other two H atoms. Reflection through the symmetry plane containing Ñ and H; 
interchanges H; and H;; the other two reflections interchange H with H;, and 
Hị with H:. 


Figure AI-3 The ammonia molecule, showing its threefold sym- 
metry axis Œ;, and one of its three planes of symmetry Ø;, which 
passes through H; and N and bisects the H;ạ—H; line. 
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Inspection of the NH; molecule shows that no other symmetry operations 
besides these six (three rotations, C;, Cï, Cỉ = E, and three reflections, ơ;, Øa, 
Ø;) are possible. Put another way, the only symmetry elements the molecule pos- 
Sesses are ; and the three planes that we may designate Ø;, Ø;, and ƠØs. 
Specifically, it will be obvious that no sort of ImprOper rotation is possible, nor is 
there a center of symmetry. 

As a more complex example, in which all four types of symmetry operation 
and element are represented, let us take the Re;Clã” ion, which has the shape of 
a square parallepiped or right square prism (Fig. AI-4). Altogether this ion has 
SIX aX€S Of proper rotation, of four different kinds. First, the Re,—Re; line is an 
axis oỂfourfold proper rotadon Œ, and four operations (C„, C2, C3, C‡ = E) may 
be carried out. This same line is also a C; axis, generating the operation Œ¿. It 
will be noted that the C2 Operatlon means rotation by 2 x 26⁄4, which is equiva- 
lent to rotation by 21⁄2, that is, to the Œ; operation. Thus the C¿ axis and the Œ 
Ooperation are implied by, not independent of, the Cu axis. There are, however, 
two other types of Ó; axis that exist independently. There are two of the type that 
passes through the centers of opposite vertical edges of the prism (C¿axes) and 
two more that pass through the centers of opposite vertical faces of the prism 
(Cô axes). 

The Re;CIš" ion has three different kinds of symmetry plane [see Fig. AI- 
4(0) ]. There 1s a unique plane that bisects the Re—Re bond and all the vertical 
edges of the prism. Since It is customary to define the direction o£ the highest 
DTOpPe€T axis of symmetry, C, In this case, as the vertical direction, this symmetry 
plane Is horizontal and the subscript ở is used to identfể it, Ø„ There are then 
two types of vertical symmetry plane, namely, the two that contain OppOsIte v€r- 
tical edges, and two others that cut the centers of the opposite vertical faces. One 
Of these two sets may be designated ø{)') and ø{?), the øimplying that they are ver- 
tical. Since those of the second vertical set bisect the dihedral angles between 
those of the first set, they are then designated ø' and ø‡?, the đstanding for di- 
hedral. Both pairs of planes are vertical and it is actually arbitrary which are la- 
beled ø, and which Ø,. 

Continuing with Re;Cl§”, we see that an axis oŸimproper rotation is Dresent. 
Thịs is coincident with the Œ, axis and is an $% axis. The S¿ operation about this 
axis proceeds as follows. The rotational part, through an angle of 27⁄4, in the 
clockwise directon has the same effect as the C„ operation. When this is coupled 
with a reflection in the horizontal plane (ơ,) the following shifts of atoms OCCUT: 


Rey =——=— Res lôi ———x~ Clụ C]; —> Cl; 
Clạ ——> Cl; C1; ——> Cl 
Cl¿ ——> C]; C1 ——> CÌ¡ 
Finally, the Re;Clš” ion has a center of symmetry ¿ and the inversion opera- 
tion ỉ can be performed. 
In the case of Re;ClIÃ" the improper axis S„ might be considered as merely 
the inevitable consequence of the existence of the Œ, axis and the Ø¿, and, in- 


deed, this is a perfectly correct way to look at it. However, it is Important to em- 
phasize that there are cases in which an improper axis Š„ exists without inde- 


790 Appendixl /  Aspecls of Symmetry œnd Point Groups 


Figure Al-4 The symmectry elements of the Re;CI§" ion. (2) The axes 
of symmetry. (0) One of each type of plane and the center of symmetry. 


AI-2 
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pendent existence of either Ở, or Ø„. Consider, for example, a tetrahedral mole- 
cule as depicted in Structure AI-H, where the TiCl¿ molecule is shown inscribed 


in a cube and Cartesian axes, z, y, and z are indicated. Each of these axes is an 3% 
axis. For example, rotation by 27/4 about z followed by reflecton ín the xy plane 
shifts the Cl atoms as follows: 


iC 0N so 
ø"= . c6 


Note, however, that the Cartesian axes are not Ó, axes (though they are ; axes) 
and the principal planes (namelÌy, xy, xz, and yz) are not symmetry planes. Thus 
we have here an example of the existence o£ the Š„ axis without É„ or Ø„ having 
any independent existence. The ethane molecule in its staggered configuration 
has an $% axis and provides another example. 


Symmetry Groups 


The complete set of symmetry operations that can be performed on a molecule 
is called the sywznefry growÐ for that molecule. The word “group” is used here not 
as a mere synonym for “set” or “collection,” but in a technical, mathematical 
sense, and this meaning must first be explained. 


Introduction †o Multiplying Symmetry Operofions 


We have already seen in passing that ifa proper rotation €„ and a horizontal re- 
flecuon ơ, can be performed, there is also an operaton that results from the 
combination of the two which we call the improper rotation S„. We may say that 
S„ is the product of C„ and ơ„. Noting also that the order In which we perform 
ơ, and Œ„ is immaterial,* we can writ€ 


C„xơ,=ơ,xC„=S„ 


This is an algebraic way of expressing the fact that successive applicaton of the 
two operations shown has the same effect 4s applying the third one. For obvious 
reasons, it is convenient to speak of the third operation as being the product ob- 
tained by muldplication of the other two. 

This example is not unusual. Quite generally, any two symmetry operations 
can be multiplied to give a third. For example, in Fig. AT-2 the effects of reflec- 


*Thịs is, however, a special case; in general, order of multiplication matters as noted 
later. 
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tions in two mutually perpendicular symmetry planes are illustrated. It can be 
seen that one of the reflections carries point 0 to point 1. The other reflecton 
carries point 1 to point 2. Point 0 can also be taken to point 2 by way of point 3 
if the two reflection operations are performed ¡in the opposite order. But a mo- 
ments thought will show that a direct transfer of point 0 to point 2 can be 
achieved by a Cạ operation about the axis defned by the line of intersecton Oo£ 
the two planes. If we call the two reflections ơ(xz) and ơ(z) and the rotatdon 
C;(z), we can WTit€ 


ơ(z) x ơ(y2) = ơ(2) x ơ() = C;(2) 
It is also evident that 

ơ(2) x C;(z) = Ca(z) x ơ(2) = ơ() 
and 

ơ(sz) x C;(z) = Ca(z) x ơ(xz) = 0(32) 


Also note that if any one of these three operations is applied twice in succession, 
we get no net result or, in other words, an identity operation, namely, 


Œ(xz) x ơ(xz) = E 
ơ(z) x ơ(yz) = E 
€;(2) x Ca(z) =E 


Introduction †o a Group 


If we pause here and review what has just been done with the three operations 
ơ(xz), ơ(yz), and C;(z), we see that we have formed all the nine possible prod- 
ucts. To summarize the results systematically, we can arrange them in the an- 
nexed tabular form. Note that we have added seven more multiplications, 
namely, all those in which the identity operation E is a factor. The results of these 
are trivial, since the product of any other, nontrjvial operation with E must be 
just the nontrivial operation itself, as indicated. 


E E C;(z) ơ(x2) ơ (3z) 
C;(2) C;(2) E ơ( ơ (%2) 
ơ(xz) ơ(x2) ơ(2) F Œ.„(2z) 
ơ(2) ơ(2) ơ(x2) G;(2). E 


The set of operations E, C;(z), ơ(xz), and ơ(yz) evidently has the following 
four interesting prOperties: 


1. here is one operation E, the identity, that ¡s the trivial one of making no 
change. Its product with any other operation is simply the other operation. 
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2. There is a definiton of how to multiply operations: we apply them suc- 
cessively. The product of any two is one of the remaining ones. In other 
words, this collection o£ operations is sel£sufficient, all its possible prod- 
tán being already within itself. This is sometimes called the property of 
cÏOSure. 


3. Each of the operations has an ?z0erse, that is, an operation by which it may 
be multiplied to give E as the product. In this case, each operation is its 
Own Inverse, as shown by the occurrence of E in all diagonal posidons of 
the table. 


4. It can also be shown that If we form a triple product, this may be subdi- 
vided in any way we like without changing the result, thus 


ưữ(xz) X ơ(yz) x C.(2) 
= [ơ(4z) x ơ@) ] x €;(z) = C;(z) x Ca(z) 
= ơ(xz) X [ơ(yz) x €;(z)] = ơ(xz) x ơ(xz) 


=E 


Products that have this property are said to obey the assoa#20e la of multplica- 
tion. 

The four properties Just enumerated are of fundamental importance. They 
are the properties—and the øwửy properties——that any collection of symumetry op- 
erations must have to constitute a ?2(hzmafzcal grouÐ. Groups consisting of sym- 
metry operations are called syzwwefry grơu#s or sometimes 00 groujs. The latter 
term arises because all the operations leave the molecule fixed at a certain point 
in space. This is in contrast to other øgroups of symmetry operations, such as 
those that may be applied to crystal structures in which individual molecules 
move from one location to another. 

The symmetry group we have just been examining is one o£ the simpler 
groups, but nonetheless, an important one. Ít is represented by the symbol Gs„; 
the origin of this and other symbols is discussed later. Ït is not an entirely repre- 
sentative group in that it has some properties that are øøf necessarily found In 
other groups. We have already called attention to one, namely, that each opera- 
tion in this group is its own inverse; this is actually true of only three kinds of op- 
eration: reflections, twofold proper rotations, and inversion i. Another special 
PrOperty of the group ¿„ is that all multiplications ïn it are c0wwtaizue; that 1s, 
every multiplication is equal to the multiplication of the same two operatlons in 
the opposite order. It can be seen that the group multiplication table is symmet- 
rical about its main diagonal, which is another way of saying that all possible mul- 
tiplications commute. In general, multiplication oŸ symmetry Op€ratlons 1S #0 
commutative, as subsequent discussion will illustrate. 

For another simple, but more general, example of a symmetry group, let us 
recall our earlier examination of the ammonia molecule. We were able to dis- 
cover six and only six symmetry operations that could be performed on this mol- 
ecule. If this is indeed a complete list, they should constitute a group. The easi- 
est way to see If they do is to attempt tO writ€ 4 multiplicaton table. Thịs wIl 
contain 36 products, some of which we already know how to WTIe. Thus we know 
the resuit of all multiplications involving E, and we know that 
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Ga 
Q; x C = C x €ạ =E 
It will be noted that the second of these statements means that ; is the in- 
verse of C? and vice versa. We also know that E and cach of the Ø”s is its Oown 1n- 
verse. So all operations have inverses, thus satisfying requirement 3. 
To continue, we may next consider the products when one Ø, is muldpled 
by another. A typical example is shown in Fig. AI-5(a). When poïnt 0 is reflected 
first through øC and then through Ø”, it becomes point 2. But point 2 can ob- 


viously also be reached by a clockwise rotation through 26/3, that is, by the op- 
eration . Thus we can write 


ơtU) xượ® =CŒ 


If, however, we reflect first through ø? and then through ø?”, point 0 becomes 
point 4, which can also be reached by ; x ạ = C2. Thus we write 


ở xứ 


Clearly, the reflections ơL) and ơ? do not commute. The reader should be able 
to make the obvious extension of the geometrical arguments Just used to obtain 
the following addidonal products: 
ơt x g® = Cễ 
ơ® xơt)=Q; 
9 SÀI Sĩ 
ơi ) x ơi ) — €s 
3 V2) 2= 2 
There remain, now, the products of C; and C§ with ơ), øơ?) and ơ”. Figure 


AT-5(ð) shows a type of geometric construction that yields these products. For ex- 
ample, we can see that the reflection ơ” followed by the rotation €; carries 


ơ"” 


Figure AI-5 ˆ The multiplication of symmetry operations: (z) reflection 
times reflection and () reflection followed by Œạ. 
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point 0 to poïnt 2, whích could have been reached đirectly by the operation ơ. 
By similar procedures all the remaining products can be easily determined. The 
complete multiplicatdon table for this set of operations is given here. 


The successful construction o£ this table demonstrates that the set OÝ six Op- 
erations does indeed form a group. This group is represented by the symbol Ó;,. 
The table shows that its characteristics are more general than those of the group 
C;„. Thus it contains some operations that are not, as well as some which are, 
their own inverse. It also involves a number of multiplications that are not com- 
mutative. 


Some Generdl Rules for Muliiplicotion 
of Symmetry OperdTiions 


In the preceding section several specific examples of multiplication of symmetry 
operations have been worked out. On the basis of this experience, the following 
general rules should not be difficult to accept: 


1. The product of two proper rotations must be another proper rotation. 
Thus, although rotations can be created by combining reflectons [recall: 
ơ(xz) X ơ(yz) = €s(2) ], the reverse€ 1s not pOossIble. 


2. The product of two reflections in planes meeting at an angle Ö is a rota- 
tion by 29 about the axis formed by the line ofintersection of the planes 
(recall: œ?) x ơ® = Œ; for the ammonia molecule). 


3, When there is a rotation operation G„ and a reflection in a plane con- 
taining the axis, there must be altogether ø such reflectons in a set OÊ ?ø 
planes separated by angles of 22», intersecting along the C„ aXIS [re- 
call: œ) x Ca = ơ? for the ammonia molecule]. 


4. The product oŸ two Ô¿ operations about axes that intersect at an angle 9 
is a rotation by 2Ø about an axis perpendicular to the plane containing 
the two Óạ aXe€s. 

5. The following pairs of operatlons always commute: 

(a) Two rotations about the same axis. 

(b) Reflectons through planes perpendicular to each other. 
(c) The inversion and any other operation. 

(d) Two Œ; operations about perpendicular axes. 

(e) Œ„and ơ,, where the Ó„ aXIS is vertical. 
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A Sys†emoiic Listing of Symmery Groups, wi†h Examples 


The symmetry groups to which real molecules may belong are very num€crous. 
However, they may be systematically classified by considering how to buïld them 
up using increasingly more elaborate combinations of symmetry operations. The 
outline that follows, though neither unique In I(s approach nor TigOrOUS 1n 1S 
procedure, affords a practical scheme for use by most chemists. 

The simplest nontr1vial groups are those of order 9, that 1s, those contaIning 
but one operation in addition to E. The additional operaton must be one that 
is its own inverse; thus the only groups o£ order 2 are 


C.: BƠ 
G,;:EU Ì 
Ca: E, C¿ 


The symbols for these groups are rather arbitrary, except for C; which, we shall 
soon see, forms part Of a pattern. 

Molecules with €; symmetry are fairly numerous. Examples are the thionyl 
halides and sulfoxides (AI-HI), and secondary amines (AI-TV). Molecules having 
a center of symmetry as their øxzử symmetry element are quit€ rare; twO fypes ar€ 
shown as Structures AI-V and AI-VI. The reader should fnd it very challenging, 
though not impossible, to think of others. Molecules of C¿ symmetry are fairly 
common, two examples being Structures AI-VII and AIT-VIH. 
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The Unioxidl or C„ Croups 


These are the groups In which all operations are due to the presence o£a proper 


axis as the sole symmetry element. The general symbol for such a group, and the 
Op€TatlOnS in 1t, are 


G„ Cho C CS) CC. 
A C„ group ¡s thus of order ø. We have already mentioned the group Œ. 


Molecules with pure axial symmetry other than Ở; are rare. Two examples of the 
group ; are shown in Structures AI-IX and AI-X. 
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The C„„v„ GrOups 


TẾ, in addition to a proper axis of order ø, there 1s also a set o£ ø vertical planes, 
we have a group o£ order 2ø, designated C„„. This type of symmetry 1s found 
quite frequently and is illustrated in Structures AI-X%I to AI-XV, where the values 
Of ø# are 2-6. 


ATXIV AI.XV 


The C,„„ Groups 
Ifin addition to a proper axis of order ø there ¡is also a horizontal plane of sym- 
metry, we have a group of order 2ø, designated Œ„„. The 2ø operations include 
S7 operations that are products of C;' and ơ, for ø odd, to make the total of 20. 
Thus for C;„ the operations are 

Œ.6 18 e=E 

Ơ?, 

ơ, x €¿ = Cs X Ơ,= S¿ 

DU ỨẠc 0U 0 TH 


Molecules of Œ„„ symmetry with ø > 2 are relatively rare; examples with ø = 2, 3, 
and 4 are shown in Structures AI-XVI to AIXVIH. 


798 Appendixl /  Aspects of Symmetry and Poin† Groups 


CHỊ; .. 
Ị Ố- s 
lộ) 
s. "n.. 
| vã | : lộ) . Sun 
RạP x⁄ | Sen '| 
lộ | lo 
`. lộ) ` 
lội 8= 
| / 
CHỊ: lọ 
ALXVI AITXVH ATXVIHI 


The D„ Groups 


When a vertical Œ„ axis is accompanied by a set of ø Cạ axes perpendicular to it, 
the group 1s D„. Molecules of D„ symmetry are, in general, rare, but there 1s one 
very important type, namely, the trischelates (AI-XIX) o£ D; symmetry. 


The D„¡„ Groups 


If we add reflection in a horizontal plane of symmetry to the operatlons making 
up a D„ group, the group Ö„; is obtained. It should be noted that products o£ the 
type C; x ơ, will give rise to a set of reflections in vertical planes. These planes 
confa¿n the C; axes; this point 1s Important in regard to the distincton between 
Đự„ and D„„, mentioned next. The D„„ symmetry is found in a number of im- 
portant molecules, a few of which are benzene (s;„), ferrocene in an eclipsed 
configuration (D;„), Re,Cl§", which we examined previously, (D„„), PtClƒ” (D¿), 
and the boron halides (D;„) and PE;(Ð;„). AI right prisms with regular polygons 
for bases as Illustrated in Structures AI-XX and AI-XXI, and all bipyramids, as 1Ì- 
lustrated in Structures AI-XXII and AI-XXIIH, have D„;-type symmetry. 


€ 
NHI: 


AIXXxI 


AIxXxII 
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The D„„ Groups 


[f to the operations making up a D„ group we add a set of vertical planes that bi- 
sect the angles between pairs of C; axes (note the distinction from the vertical 
planes in D„„), we have a group called D„„ The D„„ groups have no Ø„. Perhaps 
the most celebrated examples of D„„ symmetry are the D;„and D;„ symmetries of 


RạW = WR; and ferrocene in their staggered configurations, Structures AI- 
XXIV and AI-X%V. 


AT-XXIV AIXXV 


Two comments about the scheme so far outlined may be helpful. First, the 
reader may have wondered why we địd not consider the result of adding to the 
Operations of Ó„ ðø/J a set Of zø Ø,'s and a Ø„. The answer is that this is simply an- 
other way of getting to D„„„ since a set of Ca axes is formed along the lines ofin- 
tersection of the Ø, with each of the Ø„s. By convention, and in accord with the 
symbols used to designate the groups, it is preferable to proceed as we did. 
Second, in dealing with the D„;-type groups, ifa horizontal plane is found, there 
must be only the ø vertical planes c0w/zimng the Ca axis. If dihedral planes were 
also present, there would be, in all 2z planes and hence, as shown previously, a 
principal axis of order 2ø, thus vitiating the assumpton ofa D„ type of group. 


The S„ Groups 


So far, our scheme has overlooked one possibility, namely, that a molecule might 
contain an $„ axis as its only symmetry element (except for others that are di- 
rectly subservient to it). Ít can be shown that for z odd, the groups of operations 
arising would actually be those forming the group C„„. For example, take the op- 
erations generated by an S5 axIs: 


Ss 
SG. 
SƠ, 
S‡ = C; 
sỉ 

` =9 


Comparison with the list o£ operatlons in the group €;„ shows that the two lists 
are identical. 


800 


AI-5 


Appendixl /  Aspecls of Symmetry and Point Groups 


It is only when ø is an even number that new groups can arise that are not 
already in the scheme. For instance, consider the set of operations generated by 
an Š aXIS: 


Số 


S‡= 


This set of operations satisfies the four requirements for a group and is not a set 
that can be obtained by any procedure previouslÌy described. Thus Š%, $%, and so 
on, are new groups. These groups are distinguished by the fact that they contain 
no operation that is not an S7 operation, even though it may be written in an- 
other way, as with S2 = Œ¿ above. 

Note that the group Š; is not new. A little thought will show that the opera- 
tion §; is identical with the operation 1. Hence, the group that could be called 5S; 
1s the one we have already called ÓC; 

An example of a molecule with $% symmetry is shown in Structure AI-XXVI. 
Molecules with Š„ symmetries are not very common. 


Linedr Molecules 


There are only two kinds of symmetry for linear molecules. There are those re- 
presented by structure AI-XXVHI, which have identical ends. Thus, in addition to 
an Infinitefold rotation axis C.., coinciding with the molecular axis, and an infi- 
nite number of vertical symmetry planes, they have a horizontal plane of sym- 
metry and an ininite number of €; axes perpendicular to C... The group of 
these operations 1s Ö,.„. A linear molecule with different ends (Structure AI- 
XXVIH) has only €., and the G,/s as symmetry elements. The ðTOUp Of Opera- 
tions generated by these Is called C..... 


A—B—C—B—A A—B—C—D 
(AI-XXVI) (AI-XXVII) 


The Groups of Very High Symmetry 


The scheme followed in the preceding section has considered only cases in 
which there is a single axis of order equal to or greater than 3. It is possible to 
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have symmetry groups in which there are several such axes. There are, in fact, 
seven such groups, and several of them are of paramount importance. 


The Tetrahedron 


W© consider first a regular tetrahedron. Figure AI-6 shows some of the symmetry 
clements of the tetrahedron, including at least one of each kind. From this it can 


be seen that the tetrahedron has altogether 24 symmetry operations, which are 
as follows: 


There are three % axes, each of which gives rise to the operations §„, Sf = 
C;, Sĩ and S2 = E. Neglecting the S{”s, this makes 3 x 3 = 9. 

There are four C; axes, each giving rise to C¿, Cễ, and Cả = E. Again omit- 
ting the identity operations, this rnakes 4 x 2 = 8. 

There are six reflection planes, only one of which is shown in Fig. AI-6, giv- 
Ing rise tO SiX Ø„¿ Operatons. 

Thus there are 9 + 8 + 6 + one identity operation = 24 operations. This group 
1s called 7} It is worth emphasizing that đespite the considerable amount 
Of symmetry, there is no inversion center in T„ symmetry. There are, of 
course, numerous molecules having full 7; symmetry, such as CH¿, SiFa, 
CIO¿, Ni(CO)„¿, and Irạ(CO)¡;, and many others where the symmetry 1s 
less but approximates fO 1t, 


If we remowe the reflections from the 7 group, it turns out that S„ and S` op- 
erations are also lost. The remaining 12 operations (E, four Ô; operations, four 
Cễ operations and three C; operations) form a group, designated 7 This group 
in itself has little Importance, since I( 1s very rarely, If ever, encountered in real 
molecules. However, if we then add to the operations in the group 7a diferent 
set of reflections in the three planes defined so that each one contains two of the 
C;„ axes, and work out all products of operations, we get a new group o£ 24 Oper- 
ations (E, four C¿, four C?, three C2, three ơ¿, ¡, four S¿, four S) denoted 7¡. 
This, too, is rare, but it occurs in some “octahedral” complexes In which the lig- 
ands are planar and arranged as in Structure AI-XXIX. The important fcature 


(A-XXIX) 


here is that cach pair of ligands on each of the Cartesian ax€s 1s1n a diferent one 
of the three mutually perpendicular planes, xy, #2, and yz. Real cases are provided 
by W(NMe,)s and several M(NO/)2” ions in which the NO; ions are bidentate. 
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Figure Al-6 The tctrahcdron, showing some oŸits es- 
sential symmetry elements. All $„ and C; axes are shown, 
but only one of the six dihedral planes Øạ. 


The Octohedron and the Cube 


These two bodies have the same elements, as shown in Fig. Al-7, where the octa- 
hedron is inscribed in a cube, and the centers of the six cube faces form the ver- 
tices of the octahedron. Conversely, the centers of the eight faces of the octahe- 
dron form the vertices of a cube. Figure AI-7 shows one of each of the types of 
symmetry element that these two polyhedra possess. The list o symmetry Oopera- 
tions 1s as follows: 


There are three Œ, axes, each generating C„, C2 = C;, Cả, C2 = E. Thus there 
are 3 x 3 =9 rotations, excluding C{°s. 

There are four C; axes giving four C;'s and four Cš”s. 

There are six Œ¿ axes bisecting opposite edges, giving six C¿”s. 

There are three planes of the type Ø; and six of the tybe Ø„ giving rise to 
nine reflectionˆs. 

The C¿ axes are also S% axes and each of these generates the operations S„, 
S2 = Œ; and S3, the first and last of which are not yet listed, thus adding 3 
x 2 =6 more to the list. 

The C¿ axes are also S%¿ axes and each of these generates the new Ooperations 
S¿, Số = ï, and Số. The ỉ counts only once, so there are then (4x2) +1] = 
9 more new operatIons. 

The entire group thus consists of the identity + 9 + 8+ 6+9+6+9=48 op- 
cratons. Thịis group is denoted Ớ,, Ít is, oŸ course, a very important type 
Of symmetry since octahedral molecules (e.g., SEFs), octahedral complexes 
[Co(NH;)§' and IrClễ], and octahedral interstices in solid arrays are very 
common. There is a group O, which consists of only the 24 proper rota- 
tions from Ớ,, but thịs, like 7; is rarely If ever encountered In Nature. 


Ca 
_— ... 
P„.tEBì.- - 


Figure AI-7 The octahedron and the cube, 
showing one of each of their essential types of 
symmetry element. 
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The Pentagonol Dodecohedron œnd the lcoshedron 


These bodies (Fig. AI-8) are related to each other in the same way as are the oc- 
tahedron and the cube, the vertices of one defining the face centers of the other, 
and vice versa. Both have the same symmetry operations, a total o£ 120! We shall 
not list them in detail but merely mention the basic symmetry elemenlts: six Ó; 
axes, ten C; axes, fifteen C; axes, and fifteen planes of symmetry. The group of 
120 operations is designated 7„ and is often called the icosahedral group. 

There is one known example of a molecule that is a pentagonal dodecahe- 
dron, namely, dodecahedrane (C;„H¡;). The icosahedron is a key structural unit 
in boron chemistry, occurring in all forms of elemental boron as well as In the 
EIT¡s 100. 

If the symmetry planes are omitted, a group called 7Ï consising of only 
prOper rotations remains. This is mentioned purely for the sake o£completeness, 
since no example of its occurrence in Nature 1s known. 


Moleculdr Dissymmetry and Opticdl Activiiy 


Optical activity, that is, rotation of the plane o£ polarized light coupled with un- 
equal absorption of the right- and left-circularly polarized components, is a DrOP- 
erty ofa molecule (or an entire 3D array of atoms or molecules) that is not su- 
perposable on its mirror image. When the number of molecules of one type 
exceeds the number of those that are their nonsuperposable mirror images, a 
net optical activity results. To predict when optical activity will be possible, it is 
necessary to have a criterion to determine when a molecule and its mirror image 
will not be identical, that is, superposable. 

Molecules that are not superposable on their mirror images are called đs- 
syzznetric. This term is preferable to “asymmetric,” which means “without sym- 
metry,” whereas dissymmetric molecules can and often do possess some symrmne- 
try, as wIll be seen.* 

A compact statement of the relation between molecular symmetry pTOp€T- 
ties and dissymmetric character is: Á ocul2 that has no axis 0ƒ ứjrojber rolalion 15 
đ¡ssymmetrtc. 

This statement includes and extends the usual one to the effect that optical 
isomerism exists when a molecule has neither a plane nor a center o£ symm€try. 
It has already been noted that the inversion operation ï is equivalent to the Im- 
proper rotation §;. Similarly, S; 1s a COrr€Ct although unused way ofrepresenting 


Figure Al-8 The two regular polyhedra 
having 1, symmetry. (a) The pentagonal 
(a) (b) dodecahedron and (b) the icosahedron. 


*Synonyms for dissymmetric and dissymmetry are chiral and chirality. Chiral comes from 
the Greek word for hand and thus refers to the nonsuperimposable mirror relationship 
of the right and left hands. 
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ơ,; since it implies rotation by 2r/⁄1, equivalent to no net rotation, in conjunction 
with the reflection. Thus ơ and i are simply special cases oÊ improper rotations, 
namely S; and §:. 

However, even when Ø and ?are absent, a molecule may sữill be iđentical with 
its mirror image if it possesses an S„ axis of some higher order. A good example 
of this is provided by the (—RNBX—)„ molecule shown in Structure AI-X%XVI. 
This molecule has neither a plane nor a center oŸ symm€try, but inspection 
shows that it can be superposed on its mirror image. As we have noted, it belongs 
to the symmetry group 3%. 

Dissymmetric molecules either have no symmetry at all, or they belong to 
one of the groups consisting only oŸ proper rotation operations, that is, the Ớ, 
or D„ groups. (Groups 7; Ó, and Ï are, in practice, not encountered, though 
molecules in these groups must also be dissymmetric.) Important examples are 
the bischelate and trischelate octahedral complexes (Structures AI-VHI, ALX, 
and AT-XI%). 


A Sysiemdtic Procedure for Symmelry 
Classificoation of Molecules 


In this section we shall describe a systematic procedure for deciding to what 
point group any molecule belongs. This will be done In a practical, “how-to-do- 
it” manner, but the close relationship of this procedure to the arguments used 
in deriving the various groups should be evident. The following sequence of 
steps wïll lead systematically to a correct classification. 


1. We determine whether the molecule belongs to one of the “special” 
groups, that is C...„ Ð..„, or one of those with multiple high-order axes. Only 
linear molecules can belong to €,.„or J),.„ so these cannot Ðossibly involve any 
uncertainty. The specially high symmetry of the others 1s usually obvious. All of 
the cubic groups, 17; 7;„ 7„ Ó, and Ở,, require four Ó; axes, while and 1, re- 
quire ten Ó; and six É; axes. These multiple €; and €; axes are the key things 
to look for. Ín practice only molecules built on a central tetrahedron, octahe- 
dron, cuboctahedron, cube, or icosahedron will qualify, and these figures are 
usualÌy very conspICuous. 

2. If the molecule belongs to none o£ the speeial groups, we search for 
proper or improper axes 0 rotation. IÝ no axes Of either type can be found, we 
look for a plane or center of symmetry. Ifa plane only 1s found, the group 1s 
C,. If a center only is found (this 1s 2y rare), the group is Ở,. IÝ no symmetry 
element at alÏ is present, the group 1s the trivial one containing only the iden- 
tiy operation and designated ;. 

3. lan zøuemorder Improper axis (in practce only $%, %s, and Š; are com- 
mon) 1s found but no planes oỂ symmetry or any proper axis except a colinear 
one (or more), whose presence 1s automatically required by the improper axis, 
the group 1s S5, Šs, Ss,..... Ân 3% axis requires a C; axis; an % aXis requlres a 
axIs; an Šs axis requires C¿ and C; axes. The important point here is that the S„ 
(ø even) groups consist exclusively of the operations generated by the Š„ axis. 
Tf any additonal operation is possible, we are dealing with a D„, D„„, or D„„ 
type of group. Molecules belonging to these Š„ groups are relatively rare, and 
the conclusion that a molecule belongs to one of them should be checked 
thoroughly before it is accepted. 
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4. Once it 1s certain that the molecule belongs to none of the groups so 
far considered, we look for the highest order proper axis. Ít is possible that 
there will be no one axis of uniquely high order but instead three Ở; axes. In 
such a case, we look to see whether one of them 1s geometrically unique In 
sorme sense, for example, in being colinear with a unique molecular axis. This 
Occurs with the molecule allene, which 1s one o£ the examples to be worked 
through later. If all of the axes appear quite similar to one another, then any 
one may be selected at random as the axis to which the vertical or horizontal 
character of planes will be referred. Suppose that Ở, is our reference or princi- 
pAl axis. The crucial question now is whether there exists a set Of z C¿ aX€S p€T- 
pendicular to the C„ axis. If so, we proceed to Step 5. If not, the molecule be- 
longs to one of the groups Ở„, Ở„„, and C„„. If there are no symmetry elements 
except the €, axis, the group is Œ„. If there are ø vertical planes, the group 1s 
€„„. If there 1s a horlzontal plane, the group 1s C„„. 

5. lfin additon to the principal É, axis there are ø C; axes lying in a 
plane perpendicular to the €, axis, the molecule belongs to one of the groups 
D„, D„„, and D„„. If there are no symmetry elements besides C„ and the ø+ ÓC; 
axes, the group is D„. If there is also a horizontal plane of symmetry, the group 
1s D„„Ẳ A D„;¿ group wIll also, necessarily, contain ø vertical planes; these planes 


Start —......-..... Special Groups 


(a) linear molecules: C,.„, 
œh 


(b) Multiple high-order axes: 
T, T„,.la (7 0C svi, là 


(step 2) : : 
- No proper or Ùproper rotafion 


XE EC:, Cuiến 


3 
(step 3) Only S„ (n eten) axis: S„, Ss, Šg,..., 


Œz axis (not simple consequence of $;„) 


(step 4) (step 5) 


MÔ C;š | LOC, n C;°.L to C, 
La nơ,S no đ'S Ơy H0ạS nO Ø'S 
Cầụ Cây Ky HD nh Địa lộP 


Figure AI-9  A five-stage procedure for the symmetry classification of molecules. 
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coniain the C¿ axes. If there is no Ø; but there is a s€t OŸ 7 vertical planes that 
Ðass befuueen the ; axes, the group 1s Ù„„ 


The five-step procedure just explained is summarized in the flow sheet of 
Eig. AI-9. 


Illus†rafive Eyxamples 


The scheme just outlined for allocating molecules to their point groups wilÌ now 
be illustrated. We shall deal throughout with mmolecules that do not belong to any 
of the special groups, and we shall also omit molecules belonging to C¡, Œ,, and 
Œ, Thus, each illustration will begin at Step 3, the search for an even-order ®$„ 
aXIs. 


Example 1: H;O 


3. Water possesses no Improper aXxIs. 


4. The highest order proper axis is a C; axis passing through the oxygen 
atom and bisecting a line between the hydrogen atoms. There are no 
other C; axes. Therefore HO must belong to C;, Cạ„, or Cạ„. Since it has 
two vertical planes, one of which is the molecular plane, it belongs to the 
group €;„„ 


Example 2: NH; 


3. There is no improper axis. 


4. The only proper axis 1s a C; axis; there are no ; axes at all. Hence, the 
poøint group must be És, €;„, or C;„. Phere are three vertical planes, one 
passing through each hydrogen atom. The group is thus €;,. 


Example 3: Allene 


Example 4: H„O, 807 


3. There Is an % axis coinciding with the main, molecular (C==C==C) axis. 
However, there are also other symmetry elements besides the ; aXis 
which is a necessary consequence of the %. Most obvious, perhaps, are 
the planes of symmetry passing through the H;C==C==C and 
C—=C—CH; sets of atoms. Thus, although an &$ axis is present, the addi- 
tional symmetry rules out the point group 4%. 

4. As noted, there is a C; axis lying along the C==C==C axis. There is no 
higher order proper axis. There are two more €; axes perpendicular to 
this one, as shown 1n the sketch. Thus, the group must be a Ö) type, and 
we proceed to Step 5. 


5. Taking the €; axis lying along the C==C==C axis of the molecule as the 
reference axis, we look for a Ø;. There is none, so the group ;„ is elimi- 
nated. There are, however, two vertical planes (which lie between Có 
axes), so the group 1s D;„. 


Example 4: H,O, 


A. The nonplanơr eqguilibrium configurofion 


3. There is no improper axis. 

4. As indicated in the sketch, there is a C; axis and no other proper axis. 
There are no planes of symmetry. The group is therefore C;. Note that 
the C¿ symmetry is in no way related to the value of the angle 9 except 
when 6 equals 0° or 90°, in which case the symmetry is higher. We shall 
next examine these two nonequilibrium configurations o£ the molecule. 


B. The cis-planor configurofion (6 = 0°) 


3. Again there is no even-order $„ aXIs. 


4. The Ở¿ axis, of course, remains. There are still no other proper axes. The 
molecule now lies in a plane, which is a plane of symmetry, and there is 
another plane of symmetry intersecting the molecular plane along the ÓC 
axis. The group 1s Óa„. 


C. The trans-planor configurdtion (0 = 90°) 


3. Again, there is no even-order Š„ axis. (exCcept Š% = ?). 


4. The C¿ axis is still present, and there are no other prOp€r aX€S. There 1s 
now a Ø„, which is the molecular plane. The group 1s Caạ» 
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Example 5: 1,3,5,7 - Tetramethylcyclooctatelraene 


%4 


Lm 


===....—.= 


3. There is an $ axis. There are no additional independent symmetry ele- 
ments; the set of methyl groups destroys all the vertical planes and hori- 
zontal C¿ axes that exist in C;H; ¡tself. The group ¡is therefore s%. 

It may be noted that this molecule contains no center oŸ symmetry Or 
any plane of symmetry and yet it is øøí đissymmetric. It thus provides an 


excellent illustration o£ the rule developed in Section AI-6. 


Example ó: Cyclooctatetraene 


3. There is an S„ axis. However, there are also numerous other symmetry eÌ- 
ements that are independent o£ the Š„ axis. We thus proceed to Step 4. 

4. Coincident with the % axis there is (by n€C€SSIty) a C¿ axis. No prOper 
axIs Of higher order can be found, but there are two more, equivalent C¿ 
axes im a plane perpendicular to the %—C; axis. Thus we are dealing with 


a D; type of group. 


5. There is no Ø;, thus rulÌing out D;„. There are however, vertical planes of 
symmetry bisecting opposite double bonds. These pass between the C2 


axes, and the point øroup 1s J„. 
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Example 7: Benzene 


3. There is an $% axis, perpendicular to the ring plane, but there are also 
other symmetry elements independent of the $% axis. 


4. There isa C¿ axis perpendicular to the ring plane and six €; axes lying In 
the ring plane. Hence, the group 1s a D; type. 


5. Since there is a ƠØ„, the group is Ds„. Note that there are vertical planes 
of symmetry, but they contain the ÓC; axes. 


Example 8: PF; (Trigondl Bipyramidol) 


3. There is no even-order S„ aXIS. 
4. There is a unique €; axis, and there are three Ó; axes perpendicular to It. 
5. There is a Ơ,; the group 1s Dx„. 


Example 9: Ferrocene 
A. The s†aggered configurotion 


3. There is an even-order improper axis, So, as indicated in the sketch, but 
there are also other unrelated symmetry elements, so the group 1S not So. 

4. The unique, high-order, proper axis is a C; axis, as shown. Perpendicular 
to this there are Íive C¿ ax€S. 

5. Because of the staggered relationship of the rings there is no Ø„ There 
are, however, five vertical planes of symmetry that pass between the Ó; 
axes. The group 1s thus Ö;„. 


B. The eclipsed configuroiion 


3. There is no even-order 5„ axis. 
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4. There is a C; axis as shown. There are five €; axes perpendicular to the 
Qy axis. 
5. There is a Ơ„, so the group 1s Dạ„. 


Table All-À The Hydrogen-Like Atomic Orbital Wave Functions, Factored 
Into the Radial [R(z)] and Angular [O(9)®(0)] Components.“ 


Orbital 
Designation 


1s 


2s 


2Ð, 


2H 


2P, 


3s 


3Ø, 


3ƒ, 


342 


Sáu 2 


3đ 


xơ; 


9(9)®(0) 


sin 6 sin © 
1⁄2 
(3 cos” 8—1) 
sin Ø cos Ø cos 
sin Ø cos Õ sin © 
1/2 
M(đ :_:)= lE) sin 8 cos 2$ 
4m 


15M0 
W(4,„)= (Z) sin" 9 sin 2© 


R(r) 
32 
#(1)= "H c~ø 


đọ 


TÊN t2 
 = —ơ% #2 
W(2s) : si] (2-ơ}% 


22/6 (ao 
3/2 
= = HH (6—6ơ+ơ?)eˆ”? 
3/2 
WM  -  .. 
W(30)= "TH (4—ơ)ơe 
3/2 
(34) “má TƯ NG 
92430 (ứo 


“The quantity ao = 0.529 Â ïs the first Bohr radius and the quantity is deñned below 
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bendix IIB 


IONIZATION ENTHALPIES 


OF THE ELEMENTS 


The values given below are the standard enthalpies (in kJ mol”) of stebwise elec- 
tron removal (ionization), as in the following equations: 


Eirst lonizatdon 
XŒœ) =X'(g) te @œ) 
Second Ilon1zation 
X'(œ) =X”'(g) +e (g) 
Third lonization 
X”'(g) =X”'(g) + (Œ) 
Fourth lonization 


Xx. C0 "5. 0trcCŒ) 


Values of AH°;„„(ø) (kJ mol”) 


2V 2031 00) 


| Hà 1T 102) 


AHa(3) 


AT, (4) 


Fourth 


CÀ ____——————————————— 


Z First Second 
1H 1311 
2 He 32372 5249 
giiúi Số 520.0 7297 
4Be 899.1 1758 
BB 800.5 2428 
6€ 1086 2353 
7N 1403 2855 
8O 1410 3388 
9E 1681 3375 
10Ne 2080 3963 
11LNa 495.8 4561 
12Mg 737.5 1450 
13AI B77.5 1817 
14 Sĩ 786.3 1577 
1BP 1012 -_ 1905 
165 999.5 2260 
17 ŒI 1255 9297 
18 Ar 1520 2665 


21,000 
25,020 
6,512 
7,473 
7,450 
8,409 
9,365 
g1 
10,540 
11,580 
4,355 
4,955 
4,562 
5,160 
5,77] 
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19K 418.7 3069 4,400 5,876 
20 Ca 589.6 1146 4,942 6,500 
91 $c 631 1235 2,389 7,130 
D2 2M bị 656 1309 2,650 4,173 
23V 650 1414 9,828 4,600 
94 Cr 652.5 1599 3,056 4,900 
95 Mn 717.1 1509 3,251 

26 Fe 762 1561 _ 9,956 

97 Co 758 1644 3,231 

28 Ni 736.5 1759 3,489 

29 Cu 745.9 1958 3,545 

30 Zn 906.1 1734 3,831 

31 Ga 579 1979 2962 6190 
39 Œc 760 1537 3301 4410 
33 As 947 1798 9735 4830 
34 Se 941 2070 3090 4140 
35 Br 1142 2080 3460 4560 
36 Kr 1351 2370 3560 

37 Rb 402.9 2650 3900 

38 Sr 549.3 1064 5500 
39Y 616 1180 1979 

40 Zr 674.1 1268 2217 3313 
41 Nb 664 1381 2416 3700 
42 Mo 685 1558 2618 4480 
43 Tc 703 1472 2850 

44 Ru 710.6 1617 9746 

45 Rh 720 1744 2996 

46 Pd 804 1874 3177 

47 Ag 730.8 2072 3360 

48 Cd 876.4 1630 3615 

49 In 558.1 1820 2705 5250 
50 Sn 708.2 1411 2942 3928 
51 Sb 833.5 1590 2440 4250 
52 Te 869 1800 3000 3600 
531 1191 1842 

54 Xe 1169 2050 3100 

55 Ós 375.5 2420 

56 Ba 509.5 964 ` 

57 La 54] 1103 1849 

7/2 Jš18 760 1440 2250 3910 
73 Ta 760 1560 

74W 770 1710 

75 Re 759 1600 

76 Os 840 1640 

?7 Tr 900 

78 Pt 870 1791 

79 Au 889 1980 

80 Hg 1007 1809 3300 

81 TI 588.9 1970 2880 4890 
892 Pb 715.3 1450 3080 4082 
83 Bi 709.9 1609 2465 4370 
84 Po 813 

86 Rn 1037 

88 Ra 509.1 978.6 


89Ac 670 1170 


“==== .........-...ẽ. CC 


endi¿x LIC — 


IONIC RADII 


Selected ionic radii (in Ả) determined by the method of Shannon and Prewitt 
(Acta rystallogr 1976, A32, 751) 


A. Alkali and Alhaline Earth Cafiơns 


li: 4 0.73 Ba? 6 1.49 
Ẵ 0.90 8 llg 
8 1.06 10 TTGG 
Na? 4 1.13 12 1.75 
6 Tổ Tà Ra?! 8 1.69 
8 1.39 19 1.84 
1.53 
my 1ì | B. Group 1B (11) 
8 [S5 4 nh 
10 1.73 : 6 : 
12 1.78 Ag ñ Koic 
Rb* 6 1.66 4 1.14 
8 1.75 4 (sq) 1.16 
10 1.80 6 Pyề 
19 1.86 Ƒ 8 : 
n sử, AfÏ 6 1.51 
lu 6 1.81 Cu” 4 0/1 
» BE 4 (sq) 0.71 
10 1.95 ¬ 6 0.87 
“19 209 Au 4 (sq) 0.82 
Ấ : “mà 6 0.99 
nh ? o4 | C Group HE (12) 
Ũ 0.59 Zn?+ 4 0.74 
Mẹ” : Ẳ. ñ 0.88 
8 1.03 ca”" 4 0.92 
m: „ Nhi 6 1.09 
19 1.48 Hg 2 0.83 
_ : c 4 1.10 
: . 6 ¡UP 
10 1.50 8 1.28 
12 1.58 


15 


8lế  AppendixllB / lonic Raddii 


D. Other Nơn-Transtiơn Metal lơns Ni 4 0.69 
NH¿" 6 1.61 4 @sq) 0.63 
TT" 6 1.64 6 0.83 

8 1.73 W# s4 6 0.81 
12 1.84 vã IĐ 0.78 
Pb?' 6 1.33 Gini, 6 0.76 
8 1.43 Mn”? 6 (LS) 0.72 
10 1.54 6 (HS) 0.79 
19 1.63 Fe*' 4 (HS) 0.63 
B° 4 0.25 6 (L5) 0.69 
AI 4 0.53 6 (HS) 0.79 
6 0.68 Gà” 6(L5). . 0.69 
Ga?! 4 0.61 6 (HS) 0.75 
6 0.76 Ni” 6 (L8) 0.70 
In 4 0.76 6 (HS) 0.74 
6 0.94 T 6 0.75 
TỊ* P nỆ: E Secơnd Transtttơn Series Elemenis 
6 1.03 Pd?' 4 (sq) 0.78 
6 1.00 
Sb# : vn NbỶ* 6 0.86 
Sc#* 6 0.89 Ru”” 6 hà 
8 1.01 Rh”" 6 0.81 
v# 6 1.04 Nb** 6 0.82 
C® ñ 0.29 Mo** 6 0.79 
6 054 Rh“ 6 0.74 
Ge?r 4 0.53 G. Thừd Transitiơn Series Elemenis 
6 0.67 3+ 
Sn®t 4 0.69 ¬ b là ni 
: Mộc: BE nó 6 0.86 
Pb* 4 0.79 : vời 
6 0.92 Ta# v6 0.89 
8 1.08 wW*+ 6 0.80 
E. First Transitiơn Series Metals 8 : bê 
v2+ S 0.78 
mn Ề mm. 6 0.77 
Œr?* 6 (L5) TU... : hình 
6 (HS) 0.94 „sẽ : 1.08 
Mn”" 4 (HS) 0.80 |H. Amơns 
6 (LS) 0.81 E 9 1.15 
6 (HS) 0.97 Ạ 117 
Fe°' 4 (HS) 0.77 6 119 
6 (L8) 0.75 CL 6 1.67 
6 (HS) 0.92 : 
Co?" 4 (HS) 0.72 = : BC 
6 (LS) 0.79 o*- 9 Ti 
6 (HS) 0.89 : 
3 I22 
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“Values are given for each of an ion”s important coordination number (C.N.) as well as for both high spin 
(HS) and low spin (LS) cases for the appropriate transition metal ions. Six-coordinate ions are octahedral, 


and “sq” designates a square coordination geometry. Otherwise no particular coordination geometry is im- 
phed. 
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ELECTRON ATTACHMENT 
ENTHALPIES OF 
SELECTED ELEMENTS 


The values given below are the standard enthalpies of electron attachment, AHbaA 
(in kỊ mol”), as defined by the following process: 


X(@g)+e=X (@)  AH°sx 


Noe: AII alkaline earth and noble gas elements have AHÿa > 0. 


VÀ Element AHPÿa (kJ mol”) 
1 H —72.77 
3 Li —59.8 
5 B 27 
6 C 1...2 
j NÑ ~0 
8 O -]141 
9 F 328 
]J Na B3 
13 AI -45 
14 Sỉ 132.2 
15 P —7I 
16 5 ~200 
17 C] -349 
19 K -48.4 
33 As ~77 
34 Se nhà 
35 Br —324 
37 Rb —46.9 
5] Sb =liÀI 
59 Te —190.l 
53 1 =.o 
55 Cs : —45.5 
79 Au =... 
83 Bi -97 
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A COMPARISON OF 
ELECTRONEGATIVITY 
VALUES 

(PAULING UNITS) 
FROM FOUR SOURCES 


Atom Mó G Ẩng XAsR_ Xv" 

H 2.300 2.20 2.20 3.059 
Li 0.912 0.98 0.97 1.282 
Be 1.576 1.57 1.47 1.987 
B 2.051 2.04 2.01 1.828 
C 2.544 2.55 2.50 2.671 
N 3.066 3.04 3.07 3.083 
O 3.610 3.44 3.50 3.215 
F 4.193 3.98 4.10 4.438 
Ne 4.787 4.597 
Na 0.869 0.93 1.01 1112) 
Mg 1.293 1:31 125 1.630 
AI 1.615 1.61 1.47 1.373 
Sĩ 1.916 1.90 1.74 2.033 
P : 21288 2.19 2.06 2.394 
S 2.589 2.58 2.44 2.651 
C1 2.869 3.16 2.83 3.535 
Ar 3.242 3.359 
K 0.734 0.82 0.91 1.032 
Ca 1.034 1.00 1.04 1.303 
Ga 1.756 1.81 1.82 1.343 
Ge 1.944 2.01 2.02 1.949 
As 2.211 2.18 2.20 2.256 
Se 2.424 . 9.55 2.48 2.509 
Br 2.685 2.96 2.74 3.236 
Kr 2.966 2.984 
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Rb 
Sr 


0.706 
0.965 
1.656 
J2 
1.984 
2.158 
219009) 
2.582 


0.82 
0.95 
1.78 
1.96 
2.05 
2:10 
2.66 


0.89 
0199 
1.49 
TC 
1.82 
2.01 
đớn 


____D__DbDÐD-____ ẤN ĐC. 6S... ..n  ws na 


2 LÀƠ. Allen, J. Am. Chzm. Soc. 1989, 171, 9003. 
° Pauling's values, taken from A. L. Allred, J. Inơng. Nuol. Chem., 1961, 77, 215. 
° A.L. Allred and E. G. Rochow, J. Imơrg. Ni. Chem., 1958, 5, 264. 


# Mulliken”s values, taken ftom H. Hotop and W. C. Lineberger, J. Phys. Chem. R¿ƒ. Data, 1985, 


14, 731. 
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Absorbance (n). The logo of the ratio Jg⁄1, where ÿ; is the intensity of incident light and 7is the 
intensity of the transmitted light. It is usually denoted A and is equal to the unitless quan- 
tity in Beer”s law: A = e cđ, where e is the molar absorptivity, cis the concentration, and đ 
1s the path length. 


Absorption (n). The process by which the intensity of radiation is reduced as it passes through a 
material. 

Absorptivity, molar (n). The constant e (in L mol! cm") in Beer's law: A = ecđ. It is also called the 
extinction coefficient. 

Acid-base reaction (n). (a) According to the definition of Brønsted-Lowry, the neutralization ofa 
proton donor by a proton acceptor; (b) according to the definiton of Lewis, the forma- 
tion of an adduct between an electron-pair donor and an electron-pair acceptor; (c) ac- 
cording to the Lux-Flood definition, the reaction of an oxide ion acceptor with an oxide 
lon donor. 

Actinide elements (n). The elements °'Th thróugh '°3Lr, which follow actinium, ®°Ac. 

Activated complex (n). That arrangement of atoms, groups, molecules, or ions that has the high- 
est free energy along the reaction coordinate (free energy profile) for a reaction. Thịis is 
also known as the transition state and corresponds to the minimum free energy that must 
be possessed by the reactive ensemble in order to consummate the reaction. 

Addition reaction (n). A reaction in which a group, molecule, or ion combines with another. 
Common examples are additions across a multiple bond and addition to an atom that is 
able to undergo coordination sphere expansion (an increase in occupancy). This reac- 
tion ¡s the converse of elimination. 

Adduct (n). The product o£ the addition of a Lewis acid to a Lewis base. 

Adiabatic (adj). Without heat transfer. 

Adsorption (n). The adhering or retention of a substance (usually a gas, liquid, or a mixture of 
these) on the surface of a materlal. 

Alkene (n). A substance containing a C=C double bond. 

Allotrope (n). One of the two or more đistinct forms or structures adopted by an element, for ex- 
ample, O; and Ö¿. 

Alloy (n). A solid solution of two or more metals. 

Alum (n). An ionic sulfate containing a trivalent cation (nominally AI”) and any o£a number oŸ 
monovalent cations such as K*. This class of substances is named after the parent potas- 
sium alum, KAI(SO,);(H;O)¡;, and may contain practically any combination of monova- 
lent and trivalent catlons. 

Amalgam (n). An alloy of a metal with merCury. 

Amorphous (adj). Having a random or disordered arrangement in the solid state, that is, the an- 
tithesis of crystalline. 

Amphoteric (adj). Capable of reacting either as an acid or as a base. 

Angular momentum (n). A property associated with angular motion, cqual to the product o£ an- 
gular velocity (0) and the moment.of inertia (). 

Angular wave function (n). That pordon of the total wave function W(7z 9, $) = R()Ð(6)®(0) that 
1s factorable from #(?), namely, ©(9)®(0). 

Anhydride, acidic (n). An oxide that reacts with water to form an acid. Acidic anhydrides are tursu- 
ally nonmetal oxides such as SO; and PzO;. Thus acidic anhydrides are acids with water 
removed. 


*n = noun, adj = adjective, v = verb. 
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Anhydride, basic (n). An oxide ofa metal that reacts with water to give an aqueous hydroxide, or 
that reacts with protic acids to give aqueous metal salts. These can sometimes be formed 
by thorough dehydration of hydrous oxides or hydroxides. 

Anhydrous (adj). Lacking water. 

Antibonding orbital (n). A molecular orbital at higher energy than the orbitals from which it was 
formed, resulting from negative overlap of atomic orbitals, and having less electron den- 
sity (or electron probability) between the nuclei than would be true of the simple sum o£ 
the electron densities from the combining orbitals of the separat€ atoms. 

Aqua ion (n). A metal ion that is exclusively coordinated by a given number o£ water molecules. 
(This is sometimes spelled aquo.) 

Autooxidation (n). The apparently spontaneous oxidation ofa substance that is exposed to the at- 
mosphere, hence, oxidation by gaseous dioxygen. 

Azimuthal quantum number (n). The orbital angular momentum quantum number / = 0, Ì;, 
2... - LỘ. 


Band gap (n). In a solid, any energy level with a density of states equal to zero. 

Bidentate (adj). Twice attached; used to describe a ligand. 

Bond, covalent (n). The strong attractive force that holds together atoms within a molecule or 
complex ion, and that arises between a pair of bonded atoms through the sharing of a 
païr of electrons, one electron of the pair being contributed by each atom. 

Bond, coordinate covalent (also called a dative bond) (n). A covalent bond in which both electrons 
originate from the same atom. This type of bond arises from the addidon of a Lewis base 
to a Lewis acid. It is the electron-pair donor-acceptor bond of an adduct. 

Bond, ionic (n). A bond consisting of the electrostatic attraction between a cation and an anion. 

Bond, polar covalent (n). An electron-pair or covalent bond in which the electron density is not 
distributed equally or shared evenly between the two atoms because o£ a difference in 
electronegativity. The electron density in the bond is shifted (polarized) towards the more 
electronegative atom. 

Bonding orbital (n). A molecular orbital at lower energy than the orbitals from which it was 
formed, resulting from positive overlap of orbitals from sebarate atoms, and having more 
electron density (or electron probability) between the nuclei than would be true of the 
simple sum of the electron densities from the combining orbitals of the separate nuclei. 

Borate (n). A compound containing polynuclear oxo anions of boron, which are ring or chain 
polymeric anions containing planar BO; or tetrahedral BO¿ units. Also, neutral borate es- 
ters that may be considered to be derived from borïc acid. 

Borax (n). The sodium salt of the ring anion “[B„O;],” of composidon Na;B„O;-10H;O, more 
properly written Na;[B„O;(OH),] : 8 H;O since the tetraborate dianion is dihydrated and 
contains four B—OH groups. 

Brass (n). Any of the alloys variously composed of copper and zinc, sometimes also containing 
small amounts of other constituents, often tin or lead. 

Bronze (n). Any of the alloys composed of at least 88% copper, tin (8—10%), and sometimes zinc. 

Buckminsterfullerene (n). The C¿¿ molecule. See also fullerene. 


Calcination (n). Strong heating ofa rmnaterial (usually an ore) in a furnace to achieve some desired 
decomposition or change, e.g. of calcium carbonate to give calcium oxide and carbon 
dioxide. 

Canonical form (m). One o£ the contributing resonance structures of a substance. 

Carbonyl (n). ÀA compound containing a CÔ group. 


Catalyst (n). A substance that increases the rate (lowers the activation barrier) for attainment of 
cquilibrium, and that, ideally, can be recovered at the end of the reaction. 


Catenation (n). The selflinking o£an element in its compounds; the forming of chains. 
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Center of inversion (n). A symmetry element (point) in a structure through which inversion 
[changing every location (+x, +y, +z) to (—x, —y, —z) ] leaves the structure indistinguishable 
from the original. 

Center of symmetry (n). Another term for center of inversion. 

Chalcogen (n). An element of Group VIB(16), i.e. O, S, Se, Te, or Po. 

Chelate (n). A ligand that ¡is able to bond to a central metal atom simultaneously through more 
than one donor atom. 

Chiral (a). Not superimposable on its mirror image. 

Clathrate (n). A solid in which are trapped one or more substances (usually gases or volatile liq- 
uids) within various interstices of the structure. These are not compounds with definite 
and fxed compositions, although there are limiting compositions in which all the inter- 
stices appropriate for holding the trapped substance are occupied. 

Coke (n). A porous residue of carbon and mineral ash that is obtained from furnaces where coal 
is heated in a deficiency or absence of oxygen to drive off volatile materials. 

Colloidal system (n). A dispersion of one substance within another such that one (the colloid) is 
uniformly distributed throughout the other (the dispersing medium) in a manner that is 
intermediate between a true solution and a suspension. The colloidal particle sizes may 
vary from 10 to 10,000 Á, and although they are too small to be seen with the unaided 
eye, they can be illuminated with a beam of light. 

Combustion (n). Any reaction that is sufficiently exothermic to be selÊsustaining; usually used for 
reactions with Ô¿. 

Conformation (n). One of the various arrangements ofatoms in a molecule or complex ion, based 
on differences in angle(s) of rotation about single bonds. 

Conformer (n). One ofa number of conformational isomers Or rotam€rs. 

Conjugate acid-base pair (n). Substances related to one another by proton transfer. 

Corundum (n). The hard, œform of Al;O;, containing aluminum ions in two-thirds of the octa- 
hedral holes in a hexagonally close-packed array o£ oxide Ions. 

Coulomb (n). The SĨ unit of charge, that of an electron being 1.6021892 x 10* coulombs. 

Cryolite (n). The mineral Na;AlF¿ which, as the melt, ñnds application as a medium for the elec- 
trolytc production o£ aluminum from bauxite. 

Crystalline (adj). Having a regular and continuous three-dimensional arrangement O£ atoms in 
the solid state. 

Cyclization reaction (n). A reaction that leads to the formation of rings. 


Dative bond (n). See Bond, coordinate covalent. 

Degenerate orbitáls (n). Orbitals having the same energy. 

Delta bond (n). A bond formed from the face-to-face overlap of đ orbitals from separate atoms, 
such that the internuclear axis coincides with the intersection of the two nodal planes that 
divide the electron density of the bond. 

Diastereomers (n). Isomers that are individually chiral, but that are not mirror images of one an- 
other. 

Diastereotopic (n). Leading to diastereomers. 

Dielectric constant (n). The constant kin the equation for the force ƒbetween two unit charges q 
separated by a distance z: ƒ= qŸ/krŸ. 

Diffusion (n). A movement of molecules (or particles) throughout a solvent (or within a mixture) 
so as to make the system uniform or homogeneous. 

Disproportionation reaction (n). Selfreaction of one substance to give simultaneousÌy two or more 
dissimilar substances. 

Ductile (adj). Able to be drawn to a longer length without breaking. 
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Effective nuclear charge (n). That portion o£ the total nuclear charge that is experienced by a 
given electron. It is equal to the total, or formal nuclear charge, less the amount by which 
other electrons shield the given electron from the nucleus. 

Effusion (n). The escape ofa gas through a small hole in its container. 

Elastomer (n). A macromolecular substance that can be stretched to at least twice its unstressed 
length and will return on release to nearly its original length. The elastic character of rub- 
ber is improved through vulcanization. 

Electronegativity (n). The ability of an atom in a molecule to attract electrons to itself. 

Electron affinity (n). The energy that is released when an electron is added to the valence shell of 
an atom. t is the negative of the electron attachment enthalpy (AHA). 

Electron configuration (n). A listing of the electrons of an atom OF ion according to their đistri- 
bution within the various available orbitals. 

Electron spin (n). The characteristic angular momentum associated with an electron, and that is 
independent of orbital angular momentum or motion. 

Electron transfer reaction (n). An oxidaton-reduction reacton in which electrons pass from one 
reactant to another. 

Elmination reaction (n). A reaction in which a group, molecule, or ion 1s separated from another. 
Examples are dehydrohalogenations, and eliminations from metal centers that are able 
to undergo coordinaton number reducton (a decrease in occupancy). This is the con- 
verse of an addition reaction. 

Emulsion (n). A type of colloidal mixture or system. 

Enantiomer (n). Enantiomorph. 

Enantiomorph (n). One of a pair of optical isomers, that is, one of a palr of chiral isomers, each 
of which is the nonsuperimposable mirror image of the other. 

Enantiotopic (adj). Leading to enantiomorphs. 

Enclosure system (n). A boundary representation o£ an orbital such that sorne arbitrary fraction 
(usually large) of total electron density is distributed between the surface and the origin. 

Eutectic mixture (n). The lowest melting composition obtainable from a given set oŸ components 
that form a solid solution. 

Exchange reaction (n). A reaction in which two atoms, ions, or groups switch places either between 
two different molecules or ions (intermolecular exchange) or within the same molecule 
or ion (intramolecular exchange). - 


Fermi level (n). The bighest occupied energy level in the electronic structure of a solid. 


Fixation (n). Any process by which otherwise inert dinitrogen ¡is combined with other elements, 
most notably of dinitrogen with H; to give ammonla. 

Fluorescence (n). The emission, immediately following excitation, o£ electromagnetic radiation 
(at longer wavelength than that necessary to accomplish the excitation) from a substance 
in an excited electronic state. The electronic process that accourits for the release of the 
electromagnetic radiation 1s characteristically a spin-allowed process. This and phospho- 
rescence together constitute the general behavior known as luminescence. 


Flux (m). An additive that aids in the fusion of a material, and that often imparts to the meÌt a re- 
sistance to oxide formation. 


Frenkel defect (n). A point defect in a sohd, arising when atoms or ions are displaced from thelr 
normal sites in a crystal to a positlon between their normal sites. 


Frequency (n). Ín any periodic motion, the number of cycÌes completed in a unit of tỉne, that is, 
cycles per second, or s ”. In electromagnetic radiation, frequency ø (in s”') equals the 
speed e (cm s !) divided by the wavelength ^. (cm), or ø= ơ/^. 

Eriedel-Crafts reaction (m). À reaction catalyzed by Al;Cl¿ and resultng in the condensation of 
alkyl or aryl hahides with benzene or its derivatives, and in which an alkyl (R) or acyl 
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(RCO) group ïs substituted for a hydrogen atom of the aromatic ring to give, respectively, 
an alkyl or a ketone. 

Fullerene (n). An allotrope of carbon composed of large spheroidal C„ molecules, where ø is equal 
to 60 or more. The rmolecule so has been termed buckminsterfullerene. Less formally, 
these allotropes are also known as buckyballs, after their obvious structural similarity to a 
soccer ball. 


Fusion (n). Meluing. 


Galvanized (adj). Coated with zinc, either by dipping in molten zinc (hot dipping), sherardizing 
(rolling in powdered zinc at ~ 300 ”C), or electrodeposition. 

Gas hydrate (n). A clathrate compound in which water is the host (a pentagonal dodecahedral 
arrangement of water molecules being common) and gases are trapped. 

Geometrical isomers (n). Molecules or complex ions having the same empirical formulae, and the 
same atomic linkages, but differing in the spatial orientation of like groups. 

Glass (n). An amorphous solid (formed from a supercooled liquid) in which there is the same type 
of arrangement as in the liquid but without appreciable transladonal energy. A gÌass 
should be regarded as a metastable material because the corresponding crystalline mate- 
rial would have a lower free energy, but the glassy structure cannot rearrange to the pre- 
ferred crystalline lattice. One normally thinks of the silica glasses but, technically, even 
metals may form gÌasses. : 

Grignard reagent (n). An organomagnesium halide, of formal composiion RMgX, usually prc- 
pared in anhydrous ether solution and used to transfer R groups. 

Group orbitals (n). Linear combinations of orbitals from separate atoms and conforming to mol- 
ecular geometry so that, as a group, they can overlap with orbitals of other øroups or 
atoms, leading to bonding. 


Halogen (n). An element of Group VIIB(17), that is, E, CI, Br, I, and Ất. 

Hapto (adj). A prefix used (in conjunction with a designation monc, dỉ:, tri, tetra-, penta-, hexa-, 
etc.) to specify the number of atoms within a ligand that are attached to a metal atom. 

Heterogeneous (adj). Consisting of dissimilar components (antonym: homogeneous). 

Heterolysis (n). Cleavage of an electron-pair bond in an unsymmetrical fashion so that one atom 
of the pair retains both electrons of the bond. 

Heterolytic (adj). Leading to or pertaining to heterolysis. 

Homogeneous (adj). Having uniform compositon, structur€, and properties throughout 
(antonym: heterogeneous). 

'Homologous (adj). Consisting of the same general class, but differing by the addition of various 
numbers of some common unit, ¡.e. the homologous series of alkanes built up of CH; 
unIs. 

Homolysis (n). Cleavage of an electron-pair bond symmetrically so as to allow each atom of the 
pAïr to retain one electron. 

Homolytic (adj). Leading to or pertaining to homolysis. 

Hybrid orbital (n). A combination oÊ two or more atomic orbitals of like energy on the same atom. 

Hydrated (adj). Containing in the crystalline form a distinct, fixed, and reproducible number of 
water molecules incorporated into the crystal structure, for example, CuSO„-5H;O or 
CoCI;:6 H;O. 

Hydrolysis (n). A decomposition with water, the hydrogen and hydroxyl of which are found in sep- 
arate products of the reacton. Â more general deñnition—any reaction with Water—IS 
sometimes also used. 

Hydrolytic (adj). Involving hydrolysis. 

Hydrous (adj). Generally containing water, but not in the distinct, ñxed, and reproducible pro- 
portions typical o£a hydrated substance. Examples: A hydrous metal oxide, MO-ø HO as 
opposed to a distinct hydroxide, M(OH);. 


828 -Ð Glossoy 


1. The associative interchange mechanism of ligand substitution. 
1¿. The dissociative interchange mechanism of ligand substitution. 
Inert (adj). Slow to react, and, in particular, having a hal£life for reaction of a minute or longer. 


Insertion reaction (n). The interposition o£ a new molecule, gToup, or lon between atoms in a 
structure such that the added molecule, group, or ion separates the two parts Of the struc- 
ture that were formerly bonded together. 


Insulator (n). A substance having a low electrical conductivity, duc to a large band gap between the 
highest 8lled band and the lowest unfilled band. *: 


Intercalation (v). Penetration of other atoms, ions, or molecules into the regions between layers in 
solids having a layer structure. 


Intermediate (n). A structure that occurs along the reaction pathway and that has a lower free en- 
ergy than the two transition states that bracket it. Also, a preCursor to som€ desired prod- 
uct. These are generally postulated rather than actually isolable. 


Inversion center. See center of inverSIOn. 

Inversion reaction (n). A change of the chirality at a single center of chirality. 

lon pair (n). A pair of oppositely charged ions that are associated by electrostatic Íforces. 
Isoelectronic (adj). Having the same electron configuration. 


Isomer (n). One oftwo or more substances that are structurally and physically different but which 
have the same elemental composition. 


Isomerization reactfion (n). A conversion of one isomer into another. 
Isomorphous (adj). Having the same shape, form, or structure; generally said of crystals. 
Isostructural (adj). Having the same structure. 


Isotope (n). One oftwo or more forms ofan atom, all of which have the same atomic number (i.e., 
the same number of protons), but which differ in the number of neutrons in the nucleus 
of the atom. The atomic mass and the mass number of the various isotopes of an element 
are diferent. 


Jahn-Teller Effect (n). The requirement that a nonlinear molecule with degenerate orbitals must 
undergo a structural change in order to lift the degeneracy; in other words, the require- 
ment that molecules adopt geometries that do not lead to a degeneracy in valence-level, 
or đelectron, configurations. 


Kieselguhr (n). Infusorial or diatomaceous earth, which is a fñne powder used as an absorbent or 
clarifying agent. In its most useful form it is a soft, white, porous powder, mostly of hy- 
đrated silica. 


Labile (adj). Quick to react, in particular having a halflife for reaction o£ less than a minute. 
Lanthanides (n). The elements "°Ce to ”!Lu, which follow lanthanum, °7La. 
Ligand (n). A molecule, group, or anion that bonds to a metal atom or cation. 


Ligand field (n). The electrostatic field created by a set of ligands arranged in some particular 
geometry about a metal. 


Lime (n). Calcium oxide. 
Limestone (n). Naturally occurring calcium carbonate. 


Luminescence (n). Either fluorescence or phosphorescence. 


Malleable (adj). Extensible or deformable ¡n all dimensions, without Ìoss in character, by ham- 
mering or rolling. 


Magnesite (n). The mineral MgCO;. 
Magnetite (n). The mineral FezO, or lodestone. 


Metal (n). À solid whose electrical conductivity decreases with increasing temperature. See also 
metallic. 
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Metallic (adj). Having the properties ofa metal: luster (surface sheen), high thermal conductivity, 
and high electrical conductivity. Malleability and ductility also characterize many metals. 

Metalloid (n). An element that exhibits some metallic characteristics together with some non- 
metallic ones; examples are Ge and Te. 

Metathesis (n). An exchange of comparable groups, such that two compounds form two new on€§: 
AX+BY— AY+BX. | 


Mineral (n). A naturally occurring inorganic substance, which has a characteristic elemental com- 
position and structure, and which is found in pure crystalline form, or in a composit€ 
rock in the earth”s crust. 


Moderator (n). A substance that reduces the speed of neutrons created in nuclear fusion reactOrS. 

Molar absorptivity. See absorptivity, molar. 

Molecular sieves (n). Sodium or calcium aluminosilicates with porous cavities generally 3-4 Ảïn 
size, which are able to discriminate among substances based on molecular sizes. 

Momentum (n). Classically, the product o£ mass and velocity. 


Multiplicity, spin (n). For an ensemble of electrons, the spin muldplicity equals the quantity 
(2§+ 1), where Sis the spin quantum number. 


Node (n). A point, line, or surface where electron density is zero, caused by a change in the sign 
of the wave function. Also, in stationary waves, a point, line, or surface at which there is 
no displacement. 

Nonbonding (adj). Neither bonding nor antibonding. 

Nuclear reaction (n). A reaction that changes the atomic number or mass number of an atom. 


Occupancy (n). A spatial designation for an atom in a molecule or complex lon. When an atom A 
resides in a molecule AB,E,, with x being the number of other atoms B bound to A, and 
y being the number of lone pairs of electrons (E) at atom A, the occupancy at Â 1s 
x+1. 

Octet (n). A set of eight. 

Octet rule (n). Á rule whose application is limited to elements o£ the ñrst short period, stating that 
a set of eight electrons (as varlous combinations of shared and lone electrons) at an atom 
in its compounds is most stable. 

Olefin (n). See alkene. 

Oleum (n). Fuming sulfuric acid; 100% H;SO/ containing some dissolved SO;. 

Oligomer (n). À polymer made up o£ only a few (usually less than four) monomers. 

Optical activity (n). The ability of a substance to rotat€ the plane of plane-polarized hght, and a 
characteristic property of individual enantiomorphs or chiral substances. 

Optical isomerism (n). The isomerism associated with chirality. 

Orbit (n). The path followed by the electron in Bohr”s theory of the hydrogen atom, characterized 
by the quantity z, the distance from the nucleus of the electron. 

Orbital (n). The space-dependent (time-independent) pordon of the wave function for an elec- 
tron in an atom, molecule, or ion. 

Ore (n). A natural inorganic material from which important metals or nonmetals may be ex- 
tracted. 

Oxidation (n). A loss of electrons, corresponding to an Incr€as€ in oxidation state. 

Oxidizing agent (n). A substance that causes oxidation, and which ¡s, as a consequence, reduced. 

Oxo process (n). The general catalytic reacion of alkenes with carbon monoxide and molecular 
hydrogen to give, variousÌy, alcohols, aldehydes, and so on. 

Oxo acid (n). A protc acid containing an element combined with oxygen; the ionizable hydrogen 
atoms are attached to Ô atoms. 
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Passivation (of metals) (n). A treatment that renders the metal surface inert, and which usually re- 
sults from the action of strong oxidizing agents. 

Pauli exclusion principle (n). A postulate that no single atom may pOSS€SS WO electrons that have 
the same four quantum numbers. 

Perovskite (n). The mineral CaTiO;, a mixed-metal oxide. 


Phosphorescence (n). The delayed emission of electromagnetic radiation from a substance in an 
excited electronic state. As in fluorescence, the emitted wavelength is longer than that 
necessary to accomplish the excitation. Phosphorescence is different in that the emission 
is delayed because the electronic process that accounts for the emission 1s a spin-forbid- 
den process by the rules of quantum mechanics. Phosphorescence and fluorescence to- 
gether constitute the general behavior known as luminescence. 


Pi bond or # bond (n). A bond formed from side-to-side overlap of ø or đ orbitals from separate 
atoms, such that the internuclear axis lies in a single nodal plane that divides the electron 
density of the bond. 


Polar (adj). Having a full or partial separation of opposite electrical charges by some distance. 


Polar coordinates (n). A coordinate system employing a length r and two angles 9 and @ for rep- 
resenting the location of a point in space. The location of a point in space by the 
Cartesian coordinate system (z, y, z) is related to its location by the polar coordinate sys% 
tem as follows: x= 7 sin Ð cos Ô, y= 7 sin Ø sin $, z= r cos 9. 


Polarizable (adj). Able to be induced to have polar character. 


Polarizability (n). The ease with which polar character can be induced. Technically this is the size 
of the electric dipole moment that is induced by a given electric fñield. 


Polymorphic (adj). Having multdple shapes, forms, or structures (said normally o£ crystalline 
solids). 


Polyphosphate (n). A condensed phosphate containing P—O——P linkages, an example being 
diphosphate, [OsP—O——PO;]““. The general formula is [P„Os„„.:] The, 

Precursor (n). An intermediate preceding the desired product. 

Promoted catalyst (n). A catalyst that has been altered so as tO increase 1s aCtIvity. 

Pyrolysis (n). Breaking down by heat. 

Pyrophoric (n). Spontaneously flammable in air. 


Quantum (n). The indivisible or most elementary amount o£ electromagnetic radiation. One 
quantum is involved per electron in electronic transitions in atorms and the like. Amounts 
(intensities) of electromagnetic radiation are restricted to integral numbers of the quan- 
tum. The energy of a particular quantum 1s given by Planck's equation EÈ= Ö, where 0 is 
frequency (in cycles s"') and šis Planck's constant (in erg-$). 


Quartz (n). The most stable and most dense of the normal crystalline forms of SiO;. 
Quicklime (n). Calcium oxide. 
Quicksilver (n). Mercury. 


Racemic (adj). Containing equal amounts of cach of a pair of enaniomorphs such that the mix- 
ture is not optically active, although both enantiomorphs are individually chiral. 


Racemization (n). Production of a mixture that is racemic, through an interconversion among 
enantiomorphs. 


Radial wave function (n). That portion of the total wave function (+ 9, @) that is dependent onÌy 
on 7, the radial distance from the nucleus. 


Rare earth element. See lanthanides. 

Rearrangement (n). A change in geometry. 

Reducing agent (n). A substance that causes reduction, and which is, as a consequence, oxidized. 
Reduction (n). A gain of electrons, corresponding to a decrease in oxidation state. 
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Rock (n). A hard and compacted aggregate of various minerals, sometimes having a uniform and 
characteristic composition (e.g., marble), but often being visibly heterogeneous (€.g., 
granite). 


Rutile (n). One o£ the mineral forms oỀ titanium dioxide. 


S„1 (adj). Nucleophilic substitution that has a unimolecular rate-determining step. 
S„2 (adj). Nucleophilic substitution that has a bimolecular rate-determining step. 


Saturated (adj). Having sufficient electrons to allow two-center, two-electron single bonds through- 
Out. 


Selection rule (n). A statement about the quantum mechanical allowedness oŸ a process. 
Semiconductor (n). A solid whose electrical conductivity increases with increasing temperature. 


Sequester (v). To draw aside, remove, or bind up a substance so as to influence its freedom of 
movement or independent action; the process by which a polydentate ligand can sur- 
round a metal ion and renđer it unreactive. 


Sigma bond (n). A bond formed by the end-to-end overlap of orbitals from separate atoms, such 
that there is no nodal plane that includes the internuclear axis. 

Silane (n). A hydride of silicon, e.g., SiH„; In general, Si„Hz„,„ or cyclic Si„H;„. 

Silica (n). Silicon dioxide (SiO;), which, in its most stable crystalline form is quartz, but which ex- 
ists in numerous other variations including, but not limited to, (2) other crystalline ma- 
terials formed from quartz by the aid offluxes (e.g., tridymite, cristobalite, or keatite), (b) 
amorphous solids, (c) hydrated silicas including aqueous colloidal systems (sols and gels), 
(d) silica glass, and (e) biogenic silicas such as diatomaceous earth. 


Silica gel (n). A solid network o£ spherical colloidal siica particles. 
Silica sol (m). A colloidal suspension of amorphous silica in water. 


Silicates (n). Compounds containing polynuclear oxoanions of silicon that contain SiO¿ tetrahe- 
dra, which are variously linked to give cha¡n, ring, sheet, cage, or framework structures. 


Silicone (n). A linear or chain polymer containing —R;Si—O—SIR—O—— repeating units, some- 
times cross-linked by RSiO; units. 

Solvation (n). An association with solvent. 

Solvolysis (n). A reaction with solvent; when the solvent is wat€r, it is called hydrolysis. 

Sphalerite (n). Zinc blende, the denser or B-form of ZnS, the œform being wurtzite. 

Spin angular momentum. That angular momentum due to the vector sum of all electron spins in 
an atom or molecule. 

'Steam reforming (n). A thermal and catalyzed degradation in the presence Of steam. 

Superconductor (n). A substance that has no electrical resistance below a certain characteristic 
temperature 7,, called the critical temperature. 

Symmetry (n). The property of having two or mOF€ identical parts that are related to each other 
by rotation, reflection, or Inversion. 


Symmetry, center of. See center of 1nversion. 


Tautomer (n). One ofa set of isomers that are readily interconverted by rearrangements 0£ atoms. 

Tautomerism (n). The occurrence 0 fautOIners. 

Tautomerization (n). The (usually reversible) interconversion of tautOmers. | 

Transition state (n). The point (on the reaction profile for a chemical reaction) at which the acti- 
vated complex has been reached. See activated complex. 


Unsaturated (adj). (a) Having one or more multiple bonds formed by electrons that might also be 
used to bond to additional atoms, to achieve saturation. (b) Any compound containing 
an atom that may yet add more groups, that is, may undergo an increase in coordination 
number or occupancy is said to be coordinatively unsaturated. 
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Valence (n). The capacity of an atom to form bonds to other atoms. 

Viscosity (n). Resistance to flow. 

Volatile (adj). Easily vaporized. 

Vulcanization (n). Irreversible treatment ofa rubber compound so that the substance is made less 


plastic and more elastic. The process is accomplished by certain chemical changes, such 
as an increase in the extent of cross linking, often by sulfur atoms, in rubber compounds. 


Wave number (n). The reciprocal of wavelength, generally stated in units of reciprocal centimeters 
(cm”}). It can be used as a unit of energy because, according to Planck, E= hu= hơ/À. 


Wurtzite (n). The less dense œform of ZnS, the other form being sphalerite. 


Zeolites (n). Framework aluminosilicates that contain cavities, into wbich ions and molecules of 
various sizes are more or less free to move, and be retained. 


Zinc blende. See sphalerite. 


A 
Absolute configurations, 176 
Absolute reaction rate theory, 
21-23 
Acetic acid synthesis, 722 
Acetonitrile, 220, 224 
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structure, 142 
Peroxides, 442 
Peroxodisulfates, 461 
Perxenate ions, 439, 487 
Phosphate esters, 424 
Phosphates, 92, 158, 423 
Phosphazenes, 425—427 
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Phosphine, 419 
Phosphorus, 417-418 
Phosphorous acid, 423 
Photosynthesis, 732 
Phthalocyanines, 174 
Pitchblende, 307 
Planck”s equation, 38 
Plutonium, 625—628 
S4£ also Actnides 
Point groups, 796—810 
Polonium, 451-453 
Polyphosphates, 158 
Polythionates, 460 
Polytopal rearrangermnents, 
210 
?orbitals, 42-46 
Porphyrin, 174 
Potassium, 287-289 
Praseodymium, 615-618 
Š%ø£ aiso Lanthanides 
Promethium, 615~—618 
%øe aiso Lanthanides 
Protactinium, 625~628 
S«e aiso Actinides 
Protic acids, 231-234 
Protic solvents, 221-222 
Pyrosulfite, 458 
Pyrosulfuric acid, 458 
Pyrosulfurous acid, 458 
Pyroxenes, 155 
Pseudo halides, 161 


Q 


Quantum numbers, 37-44 
Quartz, 383 


R 
Racemization of tris chelate 
complexes, 210 
Radial wave functions, 40—48 
penetraton of, 48 
Radii, 60—62 
table of values, 6] 
(Sø£ aso Appendix II) 
Radioactivity, 25 
Radius ratio rule, 134-135 
Rate constants, 19 
temperature dependence 
of, 21 
Rate law, 19 
Ray-Dutt twist, 211 
Reaction coordinate, 23 
Realgar, 422 


Resonnance, 77-79 
lonic-covalent, 78 
Rhenium, 596 
compounds, 596-597 
Rhodium, 597 
compounds, 598—600 
Rhombic distortions, 169 
Rhombic twist, 211 
Rubidium, 287-289 
Rubredoxins, 740 
Ruthenium, 697—600 
compounds, 600—602 
Rutile, 551 
structure, 126 


Rydberg, 35 
constant, 36 
cequation, 36 

S 


Saline hydrides, 280 
Salt hydrates, 279 
Sapphire, 359 
Saturated compounds, 7ð 
Scandium, 615—618 
Søe aiso Lanthanides 
Schrödinger equation, 39 
Selenium, 249 
SelfFexchange reaction, 204 
Selfionizaton, 221-225 ' 
Semiconductors, 764 
Silenes, 391 
Sihica, 388 
Silicates, 388 
Silicon, 383-387 
Silicones, 387, 678 
Siloxanes, 678 
Silver, 608 
compounds, 608—610 
Slater”s rules, 56—58 
Sodide anion, 295 
Sodium, 287-289 
Solids, 757-784 
bonding in, 759-766 
defects in, 766—771 
electric properties o£, 775 
magnetic properties of, 
775 
nonmolecular, 757-759 
Solvation of ions, 29] 
Solvent intervention, 189 
Solvent properties, 219 
table of, 220 
Solvent system acids and 
bases, 225 
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s-orbitals, 44 
Spinel structure, 141-142 
Square complexes, 167-168 
substitution reactions of, 
200-204 
Steam reforming, 273, 375 
Stereochemical nonrigidity, 
209 
Stibnite, 417 
Strontianite, 307 
Substitution reactions, 
of octahedral complexes, 
187-189 
of square complexes, 
200-204 
Sulfanes, 454 
Sulfites, 458 
Sulfur, 243, 451-453 
Sulfuric acid, 231, 456, 459 
fuming, 231, 458 
Sulfurous acid, 456 
Sulfuryl halides, 454 
Superacids, 235-236 
Superconductivity, 777~780 
Synthesis gas, 273 
Symmetry, 785-810 


1Ÿ 
Tanabe-Sugano điagrams, 
B31-532 

Tantalum, 589—590 

compounds, 590-592 
Tartar emetic, 425 
Tartrato complexes, 425 
Technetium, 596 

elemental, 525-526 
Telluric acid, 459 
Tellurium, 451—-453 
Terbium, 615—618 

%øe also Lanthanides 
Terpyridine, 173 
Tetragonal distortion, 169 
Tetrahydridoborate, 337 
Thallium, 357-358 
Thiocarbamates, 379 
Thiocarbonates, 379 
Thiocarbonyl complexes, 659 
Thionyl dichloride, 455 
Thiosulfate, 459 
Thorium, 625—628 

%œe aiso Actinides 
Three-center bonds, 117 
Thulium, 615-618 

Sø¿ aiso Lanthanides 
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Titamum, 550 
compounds, 551-554 
Trans efect, 201 
Transferrin, 745 
Transition elements, 
crystal field theory, 504 
electronic absorption 
spectra, 519 
Jahn-Teller effects, 538 
ligand field stabilization 
energies, 539 
magnetic properties, 512 
molecular orbital theory, 
509 
spectrochemical series, 
536 
Trigonal bipyramid, 168 
Trigonal prism, 170 
Trigonal twist, 211 
Tungsten, 592 
compounds, 593-595 


U 
Ulexite, 319 
Units, SL 29 


V 
Valence Shell Electron Pair 
Repulsion theory, 74-96 
Valence shell expansion, 76 
Valence states, 79-80 
Valinomycin, 297 
Vanadium, 554 
compounds, 554-556 
Van der Waals forces, 97-98 
Van der Waals radii, 60—6]1, 
97-98 
Vapor phase transport, 759 
Vaska`s compound, 445 
Vitamin B¡¿, 677-680 
Vulcanization, 453 


W 

Wade'”s Rules, 346 

'Water, 277 
clathrates, 278 
structure of, 277 

'Water exchange reactions, 

191 
Water gas shift reaction, 274 
Wave equation, 39 


Wave functions, table of, 811 
Wave mechanics, 39 
Wurtzite, 126 


X 
Xanthates, 379 
Xenates, 487 
Xenon, 483 
compounds, 483-488 


N, 
Ytterbium, 615—618 

$øe also Lanthanides 
Yttrium, 615—618 

Søe aÏso Lanthanides 


z 

Zeise`s salt, 682—683 

Zeolites, 155 

Ziegler-Natta catalysts, 
719-720 

Zinc blende, 126 

Zirconium, 588 

compounds, 589 
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PHYSICAL AND CHEMICAL CONSTANTS 


Avogadro number Nạ 
Electron charge £ 
Electron mass ?r„ 
Proton mass 7, 
Gas constant R 
Íce point 


Molar volume 


Plancks constant h 
Boltzmanns constant L 
Rydberg constant 4 
Faraday* constant 3i 
Speed of light € 
Bohr radius đọ 
Other numbers Tr 
e 
In 10 
CONVERSION FACTORS 
1 cal 


1 eV/molecule 


kcat mol"! 


— 


kJ mol'' 
wave number (cm”) 


©rg 


mm — —¬ — 


centimeter (cm) 


— 


picometer (pm) 


_— 


nanometer (nm) 


= 6.022045 x 10?3 molr! 


= 4.8030 x 10! abs esu 
= 1.6021892 x 10-19% € 


= 9.1091 x 10-3! kg 
= 5.4860 x 10-† amu 
= 0.5110 MeV 


= 1.6726485 x 10-? kg 

= 1.007276470 amu 

= 8.3144 ] mol! K-! 
1.9872 cal mol”! Kr! 
0.08206 L atm mol”! K~! 


= 2/315 K 


= 99.4l14 x 103 cm mol"! 
= 9.9414 x 10? m° mol-~! 


= 6.626176 x 1032 J s 
6.626176 x 10” erg s 


= 1.380662 x 10-% J K~' 
= 1.097373177 x 10-7 m-r! 
= 9.648670 x 101 € mol"! 
= 2.99792458 x 108 m sr! 
= 0.52917706 x 10-!° m 


= 3.14159 
= 2.7183 
= 2.3026 


= 4.184 jJoules (J) 


= 96.485 kJỊ mol"! 
= 93.061 kcal mol"! 


= 349.76 cm"! 
= 0.0433 eV 


= 83.54 cmrl 

= 2.8591 x 10-3 kcal mol"! 
= 2.390 x 10~!! kcal 

108 Ä 

10” nm 

10-? Ä 

10 Ä 
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